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Abstract

The seronegative spondyloarthropathies (SpA) are a group of inflammatory diseases
affecting the joints. They are intricately linked to interleukin (IL) -23 biology and respond
to anti-IL-23 directed therapy. Although established as a pivotal cytokine in the
pathogenesis of SpA, the in vivo factors that regulate IL-23 production, both
overproduction and downregulation, remain poorly defined. The IL-23/IL-17 pathway is
also inextricably linked to fungal immunity and emerging evidence suggests that
intestinal microbiota and fungal cell wall glycans may critically influence IL-23 production.
Mannose and fucose containing carbohydrates represent a large proportion of the
molecules present on bacterial and fungal surfaces and are key binders to the tetrameric
C-type lectin DC-SIGN, making this lectin a potential candidate for triggering high IL-23
production by dendritic cells (DCs) in vivo.

This thesis is split into two parts and investigates how DC-SIGN is involved in the
regulation and modulation of the IL-23/IL-17 axis in DCs. Part A explored the importance
of multivalent lectin-glycan interactions (MLGIs). A detailed understanding of how
multivalent ligands interact with tetrameric lectin DC-SIGN, including the underlying
structural and biophysical mechanisms, is vital to design glycoconjugates that can
potently and selectively target MLGls for therapeutic intervention. Such insights can also
clarify how variations in glycan type and flexibility induce distinct signalling outcomes. To
this effect, glycan conjugated gold nanoparticles (GNP-glycans) were developed to
probe MLGIs with DC-SIGN. Binding studies combining dynamic light scattering,
isothermal titration calorimetry, and a fluorescence quenching assay were used to
provide structural information on DC-SIGN, e.g. binding site orientation, binding mode,
and inter-binding site spacing, which is critical to design specific multivalent binders.
These studies further revealed how key aspects of glycoconjugate design can affect the
binding affinity. Importantly, multivalency enhanced binding affinity into the low
nanomolar range but was impacted by linker length, density and glycan type, which was
intricately linked to both thermodynamic contributions and binding mode. Increasing the
linker length weakened binding affinity due to the increased entropic penalty upon
constraining longer, more flexible linkers, and lowering the glycan density reduced
enthalpy changes of binding due to increased strain and a reduced ability of GNP-
glycans to bridge multiple carbohydrate recognition domains (CRDs) on one lectin
simultaneously. These GNP-glycans potently inhibited DC-SIGN-mediated
augmentation of Ebola virus glycoprotein-driven cell entry, with a positive correlation
observed between binding affinity and 1Cso, demonstrating the therapeutic potential of
multivalent glycoconjugates.

Part B explored how signalling through DC-SIGN can modulate IL-23 production in DCs.
Cooperation between different innate signalling pathways in DCs is crucial for initiating



adaptive immunity to pathogens, and carbohydrate-specific signalling through DC-SIGN
provides DCs with the plasticity to tailor immunity to the nature of invading
microbes. Here, DCs were co-stimulated with Toll-like receptor ligands in the presence
of the DC-SIGN ligands, and their cytokine responses were compared to controls in the
absence of DC-SIGN ligands. While free fucose and dimannose ligands differentially
regulated IL-23 production, GNP-glycans did not significantly modulate IL-23 production,
despite exhibiting nanomolar binding affinity to DC-SIGN, highlighting the importance of
ligand concentration and glycoconjugate shape/size, as well as binding strength, in
initiating signalling cascades. Furthermore, fucose and dimannose ligands skewed T cell
responses toward Th17 and Th2 profiles, respectively. Blocking DC-SIGN did not totally
abrogate immune modulation, indicating the input of other mannose and fucose binding
lectins in co-signalling. Therefore, a GNP based affinity pull down assay was developed
as a way to isolate and identify other GNP-glycan binding proteins on the cell surface.
Interaction between the dimannose based affinity tags and DC-SIGN was glycan
specific, and selective over non-targets. Proteomic approaches were used to identify the
isolated DC-SIGN from its peptide sequence.

Overall, these findings advance understanding of DC-SIGN-mediated regulation of the
IL-23/IL-17 axis, reveal structural principles underpinning multivalent glycan recognition,
and point toward strategies for therapeutic modulation of inflammatory and infectious
disease pathways.



Vi

Table of Contents

Acknowledgements..........ccccueeiiiiiiiiinmnnn s ————————— iii
ADSTFACT ... s iv
Table of Contents ... —— Vi
IS o I 1o =S X
List Of FIgUIres.......ccciiiiiie e Xii
List of Abbreviations..........cccooiiiiiiii e ——————— XXV
- 1 1
Chapter 1 — INtroduction...........coiiiiiiiiccrre e 2
1.1 Protein carbohydrate interactions.............cccceeiiiiiiiiiii e 2
111 PCISin immUuNOIOGY ......cooiiiiiiiieiiiie e 2

1.2 C-tyPe lECHNS ... 4
1.3 Lectin glycan interaCtions .............ueeeiiiiiiiiiiiee e 8
1.4 DC-SIGN ..o et e s 10
1.4.1  DC-SIGN StrUCIUIE ... 11

1.4.2  DC-SIGN ligand bindiNg ........ceeiiiiiiiiiiieie e 12

1.4.3  DC-SIGN fUNCHON. ..ot 14

1.5 MUIVAIENCY ... 16
1.6 GlyconanoteChnolOgy ..........cccueiiiiiiiiieiiee e 20
1.7 Methods to provide quantitative and qualitative data on MLGis............... 22
1.7.1  Fluorescence resonance and nano surface energy transfer.......... 22

1.7.2  Isothermal titration calorimetry .........cccccooiiiiiiiiie e 28

1.7.3  Dynamic light scattering and electron microscopy. ..........ccccccoeeueee 30

1.8  Summary and research aims...........cccoiiiiii i 33
Chapter 2 — Materials and methods..........cccrriiiicicccirin e 35
2.1 MaterialS .coooeeeieeeieeeeeeee 35
2.2 General instrumentation and computation..............ccccciiiiiiii i 35
2.3 Production and characterisation of proteins ...........ccccccvieiieiiiiiiiciiieeee. 36
2.3.1  Wild type DC-SIGN (DCO020).......uueeieaiiiieeeaiiiee e 36

2.3.2 Labelled DC-SIGN (DCO20Q274C).......c.uueeaiiieeeeiiiiee e 38

2.4 Ligand and gold nanoparticle preparation ............ccccccooie i, 40
241 Ligand SYNthesSis........coouiiiiiiii e 40

2.4.2 Gold nanoparticle preparation..........ccccceeeeiiiiiiieee e 46

2.5 Phenol sulphuric acid @SSay ..........cceueiiiiiiiiriiiieiee e 48
2.6 Dynamic light SCattering ..........ccuvuiiiiiiiiii e 48
2.7 Fluorescence quenching and thermodynamic studies ..............ccccceeeeeee. 49
2.8 Isothermal titration calorimetry ... 49

2.9 Viral inhibition .........oooii 50



Vi

Chapter 3 — Preparation of Gx-glycans and probing the effect of linker length,

glycan density and scaffold size on DC-SIGN multivalent binding......... 51
3.1 INIrOAUCHION .. e 51
3.2  Results and diSCUSSION...........uuiiiiiiiiiiiiiiiie e 55

3.2.1  Glyconanoparticle design ..........cceeeriiiiieiiiiiie e 55
3.2.2  G5-glycan preparation............cooceeeeeiiiieee i 57
3.2.3 G5-glycan characterisation............cccooueiiiiiiiiii i 60
3.2.4  Probing the binding mode of G5-EG-glycans with DC-SIGN......... 68
3.2.5  Summary of G5-glycan preparation, characterisation, and future

=T o] o] [Te%= 4[] o 1S 73
3.2.6  G27-glycan preparation and characterisation .............c......cccunee. 73
3.2.7  Probing the binding mode of G27-EG,-glycans with DC-SIGN....... 76
3.2.8  G13-glycan preparation and characterisation .............cc..c..cceunneee. 79

3.2.9 Summary of G13- and G27-glycan preparation, characterisation,
and future applications ..........ccvvviiiiii i 82

Chapter 4 - Effects of linker length, glycan density and glycan type in G5-
glycan-DC-SIGN/R multivalent binding affinity, thermodynamics and

inhibition Of Viral INFECHION ......c.cieieciiee e re s e e en e enas 83
e I [ { yo Yo [ U Lo (o) o HU TP 83
4.2 ReSUIS aNd AiSCUSSION .. ...iee et e e e e e e e ranes 87

4.2.1  Quantifying binding affinity and thermodynamic parameters via a
fluorescence quenching method ............ccccooiiiiiiie e, 87

4.2.2 Exploring the effect of G5 surface glycan valency on binding affinity
and the associated thermodynamic contributions. ......................... 95

4.2.3 Measuring thermodynamics via isothermal titration calorimetry... 105
4.2.4  Measuring antiviral properties with a viral inhibition cell assay .... 111

4.3 CONCIUSIONS ....eiiieiiieie ettt ettt e e e e e e e e e e e ennes 119

- 1 122
Chapter 5 — INtroduction...........ccuiiiiiiicccrrr e 123
5.1 The immuUuNE SYSIEM ....cooiiii e 123
5.1.1 T cell activation...........coooiiiiiiiiiiiiec e 124

5.1.2 T celldifferentiation ..o, 127

5.2 IL-23 CYIOKING ...t 129
5.2.1 IL-23 SigNalliNg ....eeeeeieiiiiiie e 131

5.3 IL-T17 CYIOKING ... 133
5.4 IL-23/IL-17 axis in host defence. ..., 135
5.5 IL-17/IL-23 axis in autoimmuNIity..........cccoeiiiiiiiie e 136
5.5.1  Seronegative spondyloarthropathies..............ccccooiiieiiiiiiiiineen. 137

5.5.2  IL-23/IL-17 axis SNPS in SPA.......oooiiiiiiieiiiee e 137

5.5.3  Other genes associated with SPA ..........cccooiiiii i, 139

5.6 Inducers of eXCeSSIVE 1L-23 ... oo 140



viii

5.6.1 HLA-B27/unfolded protein reSponse ...........coecevveeeeeeeeeiccciiieeenn. 140
5.7 Cellular producers of IL-23 in SPA......ccciiiiiiie e 144
5.71 Dendritic CellS .....ooiiiiiiiiiiieeie e 144
5.7.2  Macrophages and MONOCYLES ..........cooicuiiiiriiieiiiiiiiieee e 144
57.3  NeUutrophilS .....coooiiiiiiiiiii 144
5.7.4  Nonimmune cells / keratinoCytes...........cccooiuieiiiiiiiee i, 145
5.8 Current limitations in IL-23 related research.............ccccccoeevviiiiiiiieeeeeens 145
5.9 Summary and research aims...........cccooiiiiiiiii 146
Chapter 6 — Materials and Methods ..........cccceiiiicccccrrnr e 148
6.1  Ethics approval ... 148
6.2 Materials ... 148
6.3 General instrumentation and computation..............cccccceeeiiiiiiiiiiee e, 148
6.4 ENdotoxin removal............oooooiiiiii i 149
8.5  Cell CUIUIE.....cceeeeee e e e e e e e 150
6.5.1  DC differentiation and stimulation ...............cccccooeeiiiiiiiinee e, 150
6.5.2 DC-SIGN and Mannose receptor blocking ............ccccevviiiernneen. 150
6.5.3  DC/T cell CO-CURUIE.......eeiiieiiiiiiiiiiiee e 150
6.6  FlOW CYtOMEIrY ..o 151
6.7 IL-10and IL-23 ELISA ... 152
6.8 Multiplex cytoKine analySis ...........ccooiiiiiiiiiiiiiiie e 152
8.9  ICP-MS ... e r e e e e e e 152
6.10 Protein production and labelling ............cceoeiiiiiiiiiiee 153
6.10.1 DC-SIGN, DC-SIGNQ274C, DC-SIGN-atto643 ............ccceeeermnnen. 153
6.10.2 BSA-FITC ..ot e e e 153
6.11 Ligand SYNNESIS ........oiiiiiiiiieie e 153
6.12 Gold nanoparticle preparation ............ccccoveiiiieeiiiiciiiee e 154
6.13 Dynamic light Scattering .............cooeiiiiiiii e 154
6.14 Affinity pull dOWN @SSAY ......c.eeeiiiiiiiie e 154
6.14.1  Binding affinity ........coooiiiiii 154
6.14.2 Covalent labelling yield...........ccooiiii e, 154
6.14.3 Time course of covalent labelling ..o, 155
6.14.4 DC-SIGN vs BSA seleCtiVity ........ccceeriiiiiiiiiiiiiieeeeee e 155
B.14.5  Prot@OMUCS .....uuueieiiiiiiiiiiiiiiiiiieiieieieeteeteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 155
Chapter 7 — Exploring the use of G5 glycans to modulate IL-23 and IL-10
production and downstream T cell responses via DC-SIGN ................. 159
T INrOAUCHION ..o 159
7.2 Results and diSCUSSION........cooiiiiiieii e 162
7.21 Exploration of MoDCs for use as DC mimics .........cccccceevviivvieenn.. 162

7.2.2 IL-23 and IL-10 modulation ........c.ooeeeeeeeeee e 172



iX

7.2.3  Modulation of cytokines induced by other TLRs..........ccccceernnnnen. 176
7.24 DC-SIGN and macrophage mannose receptor blocking.............. 183
7.25 T cell proliferation ... 189
7.3 Conclusions and fUture WOrK ............cocccuuiiiiieeeeiscieee e 198
7.3.1  CONCIUSIONS ..ot e e e e 198
7.3.2  FULUrE WOIK ..oooiiiiiiiiiiieeeeeee e 200
Chapter 8 — Using glycan-decorated gold nanoparticles to selectively enrich
D L0 [ S 202
8.1 INtrOdUCHION ... 202
8.1.1 GNP based pull dOWN.........occiiiiiiieeeeeceee e 202
8.1.2  Affinity 1abelliNg .....ccooueiiiiie 203
8.2 Results and diSCUSSION ........cooeiiiiiiei e 208
8.2.1 Design rational ..........ccoooiiiiiiiii 208
8.2.2  G27-glycan:SF SyNthesis ........ccccoeiiiiiiiiiiiiiiie e 209
8.2.3  Probing the binding mode of G27-glycan:SF with DC-SIGN........ 211
8.2.4  Measuring Kqof G27-glycan:SF with DC-SIGN-atto643 using a pull-
JOWN @SS@Y. .eiiiiiiiiiiiii et 212
8.2.5 Covalentlabelling yield..........coooiiiiii e 217
8.2.6  Selectivity of G27-glycan:SF towards DC-SIGN over non-glycan
PINAING ProteINS ......eeiiiiiiiei e 223
8.2.7  Developing a method to label, isolate and identify proteins from the
(o= | IS0 7= Lo YRR 225
8.3 Conclusion and fULUre WOIK ............ccouiiiiiiiiiieeeeeeceeee e 233
8.3.1  CONCIUSIONS ...t a e 233
8.3.2  FUUre WOIK ..cooeiiiiiiiiiieeieeee e 234
Chapter 9 — General discussion and concluding remarks...........cccccccvriinnen. 235
9.1 KeY fINAINGS ..eeeeieiie e 236
9.1.1  DC-SIGN - GNP-glycan interactions ............cccccuriieeeriiiinnennnnen. 236
9.1.2 DC-SIGN induced modulation of IL-23............ccooiiiieiiiiiiiiieeen. 238
9.2 Drawbacks and study limitations ..............ooeeviiiiiiiiii e 240
9.3 Theoretical and practical implications...............coooiii i 241
9.4 Concluding remarks and future WOrk.............cccceeiiiiieeiiiiiie e, 242
APPENAIX A ... an 243
APPENAIX B ...t s 258

LR =] =) 0 Lo == 2 275



X

List of Tables

Table 1.1 Summary of parameters for the binding of DC-SIGN with different
size GX-dimannNose.(130) ........coociimrriirirrir e 27

Table 3.1 Summary of the hydrodynamic diamters (Dns) of G5-EG,-glycans
made in three GNP:ligand molar ratios (1:1000, 1:500, 1:300). D, values
givenas xc £ 2 FWHM. ... 63

Table 3.2 Summary of the surface valency of G5-EG,-glycans made in three
GLR ratios (1:1000, 1:500 and 1:300). Valencies are given as an average
of two repeat measurements with the error representing the standard
AeVIiations. ... s 65

Table 3.3 Summary of the deflection angle (6) and inter-glycan distance (X) of
G5-EGn-glycans made in three GNP:ligand synthesis ratios (1:1000,
1:500 and 1:300). Errors are propagated from the errors in valency and
hydrodynNamicC Size. ..........ccciimmimeiiini s 66

Table 4.1 Summary of the binding affinities of different GNP-glycans with DC-
SIGN, derived from the quenching efficiency, and the inhibition of EBOV-
GP entry into DC-SIGN* 293T cells with different GNP-glycans, derived
from the luciferase activity.(115) .......cccccmirriiiiinnr e 86

Table 4.2 Summary of the fitting parameters of DC-SIGN binding to G5-EGn,-
glycans(1:1000). Errors represent the standard deviations observed by
the fitting. .....ooviie e ———————— 91

Table 4.3. Summary of the thermodynamic parameters for G5-glycan (1:1000)
binding with DC-SIGN. SDs represent fitting errors, or are propagated
from SDs obtained in Figure 4.5A/B. .........ccoociiiiiiininnireeer s 94

Table 4.4 Summary of the fitting parameters of DC-SIGN binding to G5-EGn,-
glycans (1:500). Errors represent the standard deviation as observed by
the fitting. .....ooviie e ———————— 929

Table 4.5 Summary of the thermodynamic parameters for G5-EG,-glycan
(1:500) binding with DC-SIGN. SDs represent fitting errors, or are
propagated from SDs obtained in Figure A. 22. ............ccccoeecmrerieeicccnees 100

Table 4.6 Summary of the fitting parameters of DC-SIGN binding to G5-EGn,-
glycans (1:300). Errors represent the standard deviation as observed by
the fitting. .....oovri e —————————— 102

Table 4.7 Summary of the thermodynamic parameters for G5-EG,-glycan
(1:300) binding with DC-SIGN. SDs represent fitting errors, or are
propagated from SDs obtained in Figure A. 23. ..........cooccceerrerececcnee 103

Table 4.8 Summary of the standard binding enthalpy (T = 298 K) and apparent
binding affinity between G5-EGn-glycans (1:1000) and DC-SIGN obtained
by ITC. Errors represent the standard deviation as observed by the
fitting. * Data represents only one sample.........ccccccooiccivmrerniinccccnneenen, 107

Table 4.9 Summary of the standard binding enthalpy (T = 298 K) and apparent
binding affinity between G5-EGn-glycans (1:500) and DC-SIGN obtained
by ITC. Errors represent the standard deviation as observed by the
fitting. * Data represents only one sample........cccccccooiccicmrrnniincccceneenen, 110



Xi

Table 4.10 Summary of the inhibition data for G5-glycans against DC-SIGN/R
mediated EBOV-GP driven infection of 293T cells. Errors represent the
standard deviation as observed by the fitting. .........ccccciiiiiiiiiniiinnnns 116

Table 4.11 Summary of the predicted ICq9 G5-glycans against DC-SIGN/R
mediated EBOV-GP driven infection of 293T cells calculated from
Equation 4.7 using the values expressed in Table 4.10. Errors are
propagated from the fitting errors obtained in Figure 4.14.................... 117

Table 5.1 Function of white blood cell types............ Error! Bookmark not defined.
Table 6.1 Table of antibodies used in flow cytometry for each experiment..151

Table 7.1 Table summarising the frequency of analysed DC populations in the
(oY Lo T I | 3 SRR 166

Table 8.1 Summary of the hydrodynamic diamters (D») of G27 particles before
and after binding with DC-SIGN (PGR 25). D;, values are given as xc £
full width at half maximum (FWHM)...........ccooiee e 212



Xil
List of Figures

Figure 1.1 Schematic depicting the involvement of PCls in many different
immunological processes from cell adhesion, immune signalling and
modulation, to bacterial colonisation of host cells, tumour cell mediated
immune suppression, self-tolerance, autoimmune disease, and viral
immune escape and T cell infection. ..o e 4

Figure 1.2 Representation of a typical type | and Il C-type lectin..............c......... 6

Figure 1.3 Schematic of the recognition of pathogens by CLRs and TLRs.
Immature DCs express TLRs and CLRs that bind specific pathogen
components and carbohydrate structures, respectively. Pathogen
recognition by TLRs induces a signalling cascade, resulting in the
production of cytokines and DC maturation (upregulation of CD80/86).
The recognition of pathogens by C-type lectins leads to internalisation of
pathogens and intracellular processing for presentation by MHC class |
and Il molecules to T cells through the T cell receptor (TCR). .................. 7

Figure 1.4 Diagram depicting calcium dependent binding within a CRD. Shown
is a pseudo-mannosylated ligand bound in the major binding mode to
DC-SIGN (PDB: 2XR5). The close-up highlights coordination of the
mannose residue to the calcium ion (purple dash line, light green dot)
through its 3-and 4-hydroxyl groups, illustrating the central role of
calcium in carbohydrate recognition within a lectin CRD. Also
highlighted are the directions of four further hydrogen bonds (blue dash
lines) between 3- and 4- hydroxyl groups towards other DC-SIGN
residues (Glu347, Asn349) which help determine the carbohydrate
preference of @ lectin. ... ————————————— 9

Figure 1.5 A) The amino acid sequence of DC-SIGN, where the bold blue
shows the transmembrane region, grey highlights show the 7.5 neck
repeat units and the bold red indicates the mannose binding motif. B)
Labelled schematic of a DC-SIGN monomer (left) and a DC-SIGN tetramer
(right). During tetramerization, four neck regions come together to form a
coiled coil, thereby stabilising the tetramer. ..........ccccoiiiiiiiiiiiiiiee 12

Figure 1.6 A) Mannose specific DC-SIGN signalling modulates TLR4 signalling
through Raf1-dependent acetylation of p65 resulting in increased IL-10,
IL-12 and IL-6 transcription B) Fucose specific DC-SIGN signalling
modulates TLR4 signalling in a Raf1 independent manner leading to the
association of BCL3 to the NF-kB p50 subunit, resulting in increased
IL10 transcription but reduced IL-6, IL-12 and IL-23 transcription.......... 16

Figure 1.7 Schematic depicting the physiochemical parameters of
glyconanoparticles which can be modified from nanoparticle (A) to
optimise binding with biological targets, including; B) glycan density, C)
core size, D) core shape, E) core material, F) ligand flexibility and G)
GlIYCAN LY POt ————————————————— 22



Xiii

Figure 1.8 Diagram depicting examples for A) the FRET process between an
excited QD-glycan and dye labelled DC-SIGN. B) The overlap between the
emmision spectrum for a donor fluorophore (QD, De) and the absorption
spectrum for the acceptor fluorophore (dye-labelled protein, Aa). The
donor adsorption (Da) and acceptor emmission (Ag) are also shown.
Overlap between De and Aa is required for efficient energy trasnfer,
overlap between Daand Aa should be kept to a minimum to avoid direct
excitation of the acceptor. C) The fluorescence spectrum of a FRET pair
which inceases in trasnfer as concentration increases (De descreses and
A& increases). D) The change in FRET ratio (Ae/De) with concentration,
showing the maximum FRET ratio (Fmax) and the dissociation constant
) TS SRR 24

Figure 1.9 Diagram depicting examples for A) the NSET process between an
excited dye labelled DC-SIGN and a GNP-glycan. B) The fluorescence
emmission of the lectin donor (Dg) is quenched when bound to a GNP C)
Example quenching efficiency vs concentration, showing the maximum
quenching efficiency (QEmax) and the dissociation constant (Kq)......... 26

Figure 1.10 Example of A) an ITC thermogram where each peak represents the
heat released or absorbed with each injection and B) an ITC titration
curve. AH, K, and N are obtained directly from the ITC titration curve...29

Figure 1.11 DC-SIGN binding to one GNP through all four of its CRDs vs a
cross-linking binding mode for DC-SIGNR, where multiple GNPs bind to
one DC-SIGNR tetramer. ... 32

Figure 2.1 A) Deconvolved HRMS spectrum of the monomeric extracellular
domain of DC-SIGN (wild type; WT, DC020), B) Volume population
hydrodynamic size distribution histogram fitted with lognormal Gaussian
distribution for the extracellular domain of DC-SIGN (WT, DC020)......... 38

Figure 2.2 A) Deconvolved HRMS spectrum of the monomeric extracellular
domain of DC-SIGN-atto643 (DC020Q274C-atto643), B) Volume
population hydrodynamic size distribution histogram fitted with
lognormal Gaussian distribution for the extracellular domain of DC-SIGN-
atto643 (DC020Q274C-attoB43). ........ccceereeemerrriineerrsssnre e e s ssnee e sssssne e e s s ssnneees 39

Figure 3.1 Schematic of the GNP-glycans used in this study. The GNP is
coated with LA-based glycan ligand containing a terminal glycan. The
chemical structures of glycan ligands are depicted underneath, where n

T o e 57
Figure 3.2 Normalised UV-Vis absorbance spectrum for G5s before and after
cap exchange with LA-EG,-glycans made in a GLR of 1:1000. ............... 60

Figure 3.3 Volume population hydrodynamic size distribution histogram of G5-
citrate, fitted with a Gaussian distribution curve. (D, value given as xc *
Bz 204 L 1) TS SRR 61

Figure 3.4 Volume population hydrodynamic size distribution histograms
fitted with a Gaussian distribution curve for a) G5-EG;-dimannose, b) G5-
EG:-fucose, c) G5-EGes-dimannose, d) G5-EGs-fucose, e) G5-EG12-
dimannose, f) G5-EG12-fucose, made in a 1:1000 GLR (D, values given as
XCE V2 FWHM). ...t es e e s nn e e s sme e s mn e e e nmnn e s nnns 62



Xiv

Figure 3.5 Diagram illustrating the effect of linker length and glycan valency
on ligand orientation on the nanoparticle surface. As glycan valency
decreases, the available surface area per glycan increases. The left
structure depicts a GNP with short linkers and high ligand density,
promoting uniform display of glycans. The right structure depicts a GNP
with longer linkers and low ligand density, promoting folding of the
ligands, resulting in non-uniform glycan presentation and variable
glycan surface orientations..........ccccociiiniiiiincn 64

Figure 3.6 Plot of sample absorbance at 490 nm against LA-EG.-dimannose
amount, fitted by a linear relationship, giving a slope(m) = 0.033 %
0.00008, R? = 0.998. ......coeeeeerueernrcrereresseseesesesassesessesesss e sasassasassssnssesssnesssaes 65

Figure 3.7 Drawing illustrating how deflection angle (68), and inter-glycan
distance (X) is affected by linker length and glycan density. Increasing
linker length increases X but not 6, and reducing the density increases
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Figure 3.8 Volume population hydrodynamic size distribution histogram fitted
with Gaussian fits for DC-SIGN (DC020). Dy, value given as xc * /> FWHM.
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Figure 3.9 Volume population hydrodynamic size distribution histograms
fitted with Gaussian fits for the binding of G5-EG2-dimannose(1:1000) (20
nM) with DC-SIGN at varying protein:G5 molar ratios (PGR) of A) 1:1, B)
2:1, C) 4:1, D) 8:1, E) 12:1, and F) 16:1 (Dh values given as xc * 2 FWHM).
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Figure 3.10 Hydrodynamic diameter (Dn, volume population) - PGR relationship
for A) G5-EGn-dimannose (1:1000) with DC-SIGN and B) G5-EG,-fucose
(1:1000) With DC-SIGN. ........iiiiiiiccererr e eme e e e e emn e s e mneean 70

Figure 3.11 hydrodynamic diameter (Dn, volume population) - PGR relationship
for A) G5-EG,-dimannose (1:500) with DC-SIGN and B) G5-EG,-fucose
(1:500) With DC-SIGN. ... e s ean 71

Figure 3.12 hydrodynamic diameter (Dn, volume population) - PGR relationship
of monolayer species for A) G5-EG,-dimannose (1:300) with DC-SIGN
and B) G5-EG,-fucose (1:300) with DC-SIGN...........cccccmrrirriiccceeereeeennnees 71

Figure 3.13 Volume population hydrodynamic size distribution histograms
fitted with a Gaussian distribution curve for A) G5-EG;-dimannose
(1:300), B) G5-EG¢-dimannose (1:300) C) G5-EG+.-dimannose (1:300), with
DC-SIGN at PGRs of 12:1 (Dy, values given as xc * 2 FWHM).................. 72

Figure 3.14 Representation of a G5-glycan coated in a monolayer of DC-SIGN
molecules (left) vs a cross linked G5-glycan-DC-SIGN assembly (right)
where some DC-SIGN tetramers bridge two G5-glycan particles............ 72

Figure 3.15 Normalised UV-Vis absorption spectrum for G27s before and after
cap exchange with intermediate BSPP ligand, and then with LA-EGs-
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Figure 3.16 Volume population hydrodynamic size distribution histograms
fitted with a Gaussian distribution curve for A) G27-citrate, B) G27-BSPP,
C) G27-EGe¢-dimannose, D) G27-EGs-fucose, E) G27-EG12-OH. D, values
givenas xc £ 2 FWHM. ... 76
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Figure 3.17 Volume population hydrodynamic size distribution histograms
fitted with Gaussian fits for the binding of G27-EGs-dimannose (0.5 nM)
with DC-SIGN at varying protein:G27 molar ratios (PGR) of A) 2:1, B) 4:1,
C) 8:1, D) 16:1, E) 32:1, F) 64:1 and G) 128:1. D; values given as xc * 2
FWHM. H) Hydrodynamic diameter (D», volume population) - PGR
relationship for G27-EGs-dimannose with DC-SIGN (monolayer species).
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Figure 3.18 Volume population hydrodynamic size distribution histograms
fitted with Gaussian fits for the binding of G27-EGs-fucose (0.5 nM) with
DC-SIGN at varying protein:G27 molar ratios (PGR) of A) 2:1, B) 4:1, C)
8:1, D) 16:1, E) 32:1, F) 64:1 and G) 128:1. (Dx values given as xc * >
FWHM). H) Hydrodynamic diameter (Dn, volume population) - PGR
relationship for G27-EGe-fucose with DC-SIGN.............cccoemiimriiiiiiiiinnennnnns 78

Figure 3.19 Normalised UV-VIS absorbance spectrum for G13s before and
after cap exchange with intermediate BSPP ligand, and with LA-EGe-
GIYCANS. .. —————————— 80

Figure 3.20 Volume population hydrodynamic size distribution histograms
fitted with a Gaussian distribution curve for A) G13-citrate, B) G5-BSPP,
C) G5-EG¢-dimannose, D) G5-EGe-fucose, E) G13-EGe-dimannose (1 nM)
with DC-SIGN (40 nM), F) G13-EGe-fucose (1 nM) with DC-SIGN. Dy, values
givenas xc £ 2 FWHM. ... s 81

Figure 4.1 Schematic of the GNP-glycans used in the NSET quenching assay
and viral inhibition studies. The GNP is coated with glycan ligand
containing (A) one, or (B) three terminal a-mannose (mannose) or a-
mannose-(1,2)-a-mannose (dimannose). The chemical structures of
glycan ligands are depicted underneath..............ccocovmrrnnniiniinennncnne 85

Figure 4.2 Schematic depicting the quenching process between excited DC-
SIGN-atto643 upon binding to a G5-EG,-glycan, where hve is excitation
photon energy and hven, is emission photon energy. At distances greater
than 50 nm between G5 and atto643 labels, no quenching is expected to
occur but upon binding, their distance will be reduced to <50 nm and
therefore nanosurface energy transfer (NSET) can occur, leading to
quenching of the atto643 emission. This acts as a readout for binding
quantification. ... —————————— 87

Figure 4.3 A) Typical fluorescence spectrum of varied concentrations of DC-
SIGN without (solid lines) and with (broken lines) 1 molar equivalent of
G5-EGz-dimannose (Aex = 630 nm). B) Relationship between fluorescence
and concentration in the absence (red dots) and presence (black
squares) of one molar equivalent of G5-EG.-dimannose. In the absence
of GNP, the fluorescence is fitted well by a linear relationship, but after
addition of 1 mol. equiv. of G5-EG.-dimannose the relationship deviates
more and more from linear with the increasing concentration, indicating
as concentration increases a greater proportion of DC-SIGN is being
bound and quenched. ... e 88

Figure 4.4 The quenching efficiency - concentration relationship for DC-SIGN
binding to G5-glycans made in a 1:1000 GNP-ligand molar ratio at 22 °C
(grey), 27 °C (red) and 32°C (blue) for A) G5-EG;-dimannose, B) G5-EGe-
dimannose, C) G5-EG12-dimannose D) G5-EG;-fucose, E) G5-EG¢-fucose,
F) G5-EGq2-fucose. Graphs were fitted by Equation 4.2 and error bars
represent the SDs of duplicate experiments at each concentration........ 20
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Figure 4.5 van 't Hoff analyses of the In(Ka)-1/T relationships for DC-SIGN
binding with A) G5-EGz-dimannose (grey), G5-EGs-dimannose (red), G5-
EGi2-dimannose (blue) or with B) G5-EGz-fucose (grey), G5-EGs-fucose
(red), G5-EG12-fucose (blue). C) Comparison of the standard (T = 298 K)
enthalpy (orange), entropy (green), and Gibbs free energy (purple)
changes of G5-EGn-dimannose (1:1000) binding with DC-SIGN. D)
Comparison of the standard (T = 298 K) enthalpy (orange), entropy
(green), and Gibbs free energy (purple) changes of G5-EGn-Fucose
(1:1000) binding with DC-SIGN. SDs represent fitting errors................... 93

Figure 4.6 The quenching efficiency - concentration relationship for DC-SIGN
binding to G5-glycans made in a 1:500 GNP-ligand molar ratio at 22 °C
(grey), 27 °C (red) and 32°C (blue) for A) G5-EG:-dimannose, B) G5-EGe-
dimannose, C) G5-EG12-dimannose D) G5-EG;-fucose, E) G5-EG¢-fucose,
F) G5-EGq2-fucose. Graphs were fitted by Equation 4.2 and error bars
represent the SDs of duplicate experiments at each concentration. ...... 98

Figure 4.7 Comparison of the standard (T = 298 K) enthalpy (orange), entropy
(green), and Gibbs free energy (purple) changes of A) G5-EG,-dimannose
(1:500) binding with DC-SIGN, B) G5-EG,-fucose (1:500) binding with DC-
SIGN. SDs represent fitting errors. .........ccocceiiriiiiiiccrcr 99

Figure 4.8 The quenching efficiency - concentration relationship for DC-SIGN
binding to G5-glycans made in a 1:300 GNP-ligand molar ratio at 22 °C
(grey), 27 °C (red) and 32°C (blue) for A) G5-EG:-dimannose, B) G5-EGe-
dimannose, C) G5-EG12-dimannose D) G5-EG;-fucose, E) G5-EG¢-fucose,
F) G5-EGq2-fucose. Graphs were fitted by Equation 4.2 and error bars
represent the SDs of duplicate experiments at each concentration. .... 101

Figure 4.9 Comparison of the standard (T = 298 K) enthalpy (orange), entropy
(green), and Gibbs free energy (purple) changes of A) G5-EG,-dimannose
(1:300) binding with DC-SIGN, B) G5-EG,-fucose (1:300) binding with DC-
SIGN. SDs represent fitting errors. ........cccccriiriiiriiccie s 102

Figure 4.10 ITC thermograms and their respective fitting curves for wild type
DC-SIGN with G5-glycans made in a 1:1000 G5:ligand ratio A) G5-EG.-
dimannose, B) G5-EG¢-dimannose, C) G5-EG12-dimannose, D) G5-EG:2-
fucose, E) G5-EG¢-fucose, F) G5-EG12-fucose. Error bars represent
uncertainties in the integrated heats...........cccocovvmmiinnicccee 106

Figure 4.11 ITC thermograms and their respective fitting curves for wild type
DC-SIGN with G5-glycans made in a 1:500 G5:ligand ratio A) G5-EG2-
dimannose, B) G5-EG¢-dimannose, C) G5-EG12-dimannose, D) G5-EG:2-
fucose, E) G5-EGe-fucose, F) G5-EG12-fucose. Error bars represent
uncertainties in the integrated heat............cccooiimiicc e 109

Figure 4.12 Schematic depicting the different methods of VSV/EBOV-GP or
VSV/VSV-G infection in cells expressing DC-SIGN/R and the consequent
luciferase activity where A) shows that VSV/EBOV-GP entry is enhanced
by DC-SIGN/R transfection on the cell surface whereas VSV/VSV-G entry
is independent of the presence of DC-SGN/R on the cell surface and is
instead dependent on the receptor LDL-R, broadly expressed on many
cell types without modification and B) shows the process of luciferase
expression and consequent oxidation leading to a luminescence activity
which is used for inhibition quantification. ...........ccccceevinrrriiicccce, 113



Xvii

Figure 4.13 In the absence of inhibitors and after transfection with DC-SIGN
(blue) or DCSIGNR (green) uptake of VSV/IEBOV-GP is increased 10-fold,
reflected in the luciferase activity/luminescence, compared to mock un-
transfected cells (red). Entry of VSV/VSV-G remains high showing uptake
is independent of transfection. When no VSV particle (containing the
luciferase gene) is present, luminescence is very low, confirming
luminescence is dependent on the uptake of VSV vector particles......113

Figure 4.14 Plot of normalised luciferase activities of DC-SIGN- or DC-SIGNR-
expressing 293T cells as a function of the concentration of A) G5-EG;-
dimannose B) G5-EG.-fucose C) G5-EG¢-dimannose D) G5-EGg-fucose E)
G5-EG2-dimannose F) G5-EGq2-fucose inhibitors. Data for virus particles
bearing the EBOV-GP are shown in dots (grey for DC-SIGN, red for DC-
SIGNR) while those of control virus particles bearing VSV-G are shown in
triangles (blue for DC-SIGN, purple for DC-SIGNR). Graphs were fitted by
Equation 4.6 and error bars represent the SDs of duplicate experiments
at each concentration. ... 115

Figure 4.15 Schematic showing the different binding modes for G5-glycans
with DC-SIGN/R leading to variations in inhibition ability. A) Depicts how
for DC-SIGN expressing host cells, G5-glycans can bind simultaneously
to all four CRDs, blocking EBOV-GP binding and therefore stopping viral
infection. However for DC-SIGNR expressing cells, G5-glycans either
cross-link with other surface DC-SIGNRs or only bind 2 CRDs, allowing
the virus access to unblocked DC-SIGNR binding sites thereby initiating
infection. B) lllustrates how at low concentrations, G5-glycans with a
longer linker length of EG12 may be more effective at blocking DC-SIGNR
mediated infection as they can either bind 4 outwardly facing CRDs
simultaneously, or cross-link multiple DC-SIGNR molecules therefore
blocking more sites, whereas shorter linkers do not have the reach to
bind 4 outwardly facing CRDs simultaneously, or cross-link, and
therefore are less effective at inhibiting viral infection. However, C)
shows that at high concentrations, two G5-EG:-glycans can bind one DC-
SIGNR and therefore are more effective at blocking infection than EG2-
glycans since they exhibit stronger binding affinities. ...........ccccen....e. 118

Figure 5.1 Schematic depicting three essential signals for successful T cell
differentiation and the NF-kB pathways to generating cytokines.
Recognition of a pathogen triggers a degradation sequences that results
in peptides being presented to the TCR via MHC Il molecules. CD80 and
CD86 are upregulated upon pathogen recognition and DC maturation,
which bind CD28/CTLA-4 on T cells. This co stimulation is essential for T
cell activation. Thirdly, pathogen recognition initiates NF-kB pathways
for transcription of cytokines. The canonical NF-kB pathway leads to
degradation of the inhibitory protein IkB, allowing P50 and P65 subunits
to translocate to the nucleus where they can initiate transcription. A non-
canonical RelB-P52 heterodimer may sometimes translocate to the
nucleus upon stimulation of tumour necrosis factor receptors (TNFR)
leading to transcription of alternative cytokines essential for B cell
development, homeostasis or lymphoid organ formation...................... 127

Figure 5.2 An overview of CD4" T helper (Th) cell differentiation into different T
helper cell lineages including Th1, Th2, Th17 and Treg. The cytokines
required for differentiation into these specific lineages are shown on the
left. Differentiation in the presence of these cytokines activates different
transcriptional factors (shown inside the cell) which leads to unique
signalling cascades and subsequent production of additional cytokines
indicated on the right, which help define the specific Th type. ............. 129
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Figure 5.3 Crystal structures of IL-12 (PDB: 1F45), IL-23 (PDB: 5MXA) and IL-27
(PDB: 7ZXK) showing their four a-helix (green) and B-sheet (orange)
subunits. A high-resolution crystal structure of the fully assembled IL-35
heterodimer is not readily available. ..........cccooiimmmiiinn e 130

Figure 5.4 Overview and composition of the IL-12 cytokine family and its
receptors. All IL-12 cytokine family members are heterodimeric proteins
consisting of an a subunit (p19, p28 or p35) and a B subunit (EBi3 or
P40). Receptors of the cytokines are heterodimers consisting of 2
combined subunits (IL-12RB1, IL-12RB2, IL-23R, IL27Ra and gp130)...131

Figure 5.5 IL-23 pathway. The IL-23 cytokine binds to its receptors, initiating
the downstream activation of different STATs which translocate to the
nucleus to activate target genes...........ccccceiiiiiiiiiinenn 132

Figure 5.6 IL-17A and IL-17F cytokine signalling pathway. IL-17AA, IL-17AF,
and IL-17FF heterodimers and homodimers bind to the receptor complex
comprising of IL-17RA and IL-17RC. IL-17AA homodimers also are able
to bind to a receptor complex of IL-17RA and IL-17RD. IL-17 cytokines
activate transcription factors NF-kB and AP-1 through a series of
molecular interactions between TRAF3, TRAF6, TAK1, MAPK and IkB.134

Figure 5.7 Commensal gut bacteria can stimulate production of inflammatory
cytokines, including IL-1, IL6 and IL-23, within the intestinal mucosa.
This triggers a Th17 response and increases IL-17 levels. While these
cytokines help initiate local immune responses, excessive production
has been postulated to lead to system circulation ‘spillover’, promoting
inflammation at distant sites such as the joints. Figure adapted from

referencCe(364). ... —————————— 142
Figure 5.8 Schematic showing how IL-23 is produced in various
spondyloarthropathies to cause inflammation. ..........cccccoerriiiiinnnnnnnn. 143

Figure 7.1 Up-regulation of DC-SIGN expression measured by flow cytometry.
A) a flow cytometry dot plot showing the increase DC-SIGN (CD209) and
decrease in CD14 expression upon differentiation of monocytes (green)
isolated from human PBMCs into DCs(red), differentiated by culturing
human monocytes with GM-CSF and IL-4 for 6 days. B) Bar graph
showing DC-SIGN cell surface expression on THP-1 cells cultured in the
presence of either PMA or GM-CSF and IL-4 or left untreated, or on
monocytes isolated from human PBMCs or DCs differentiated from
human monocytes with GM-CSF and IL-4. Median fluorescence intensity
(MFI) measured by flow cytometry is used to represent DC-SIGN surface
expression. ***p<0.001 (paired t-test).........cccccvrrrmiiiiii e 163

Figure 7.2 Phenotyping of peripheral blood. After a morphology gate followed
by elimination of doublets, the dead cells along with T cells (CD3"), B
cells (CD19*) were excluded. HLA-DR positive cells were selected
followed by elimination of CD14"" to distinguish between monocytes
and DCs. CD14™%°% were included in the DC gate since CD14 can be
expressed in low levels on some DC subsets. The CD14 and CD14™
cells were separated into CD1c-CD123* (pDCs), CD1¢c'CD123'(cDC1) and
CD1¢c*CD123 (cDC2s). Human cDC1 were identified in the CD1¢"CD123"
compartment by their high expression of CD141. cDC2s were further
subdivided into CD163* (DC3s) and CD163(DC2s). Data acquisition was
performed on a CytoFLEX LX and data was analysed using the CytExpert
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Figure 7.3 Phenotyping of MoDCs. After a morphology gate followed by
elimination of doublets, the dead cells were eliminated. HLA-DR positive
cells were selected followed by elimination of CD14"%" to distinguish
between monocytes and DCs. CD14™ %% were included in the DC gate
since CD14 can be expressed in low levels on some DC subsets. The
CD14'and CD14™" cells were separated into CD1¢’CD123* (pDCs), CD1¢c
CD123'(cDC1) and CD1¢c*CD123" (cDC2s). Human cDC1 were identified in
the CD1¢c"CD123™ compartment by their high expression of CD141.
cDC2s were further subdivided into CD163"* (DC3s) and CD163°(DC2s).
Data acquisition was performed on a CytoFLEX LX and data was
analysed using the CytExpert software. .........ccccceeeecmmrmiinsccccceereeeennns 166

Figure 7.4 Flow cytometry dot plots representing A) CD80 expression and B)
CD86 expression on unstimulated (yellow) and LPS stimulated (purple)
MoDCs for one donor. Bar graphs representing C) CD80 and D) CD86
expression on unstimulated and LPS stimulated MoDCs expressed as
MFI. Bar graph data are representative of at least six independent
experiments.*p<0.05, ***p<0.001 (paired f-test).........ccccecmrrrrrrrrccccnnennnnn. 168

Figure 7.5 Bar graphs showing A) IL-23 and B) IL-10 production from
unstimulated and LPS stimulated MoDCs. Cytokines were measured by
ELISA and represented as pg/mL. Data are representative of at least nine
independent experiments **p<0.01 (WilcoXon). ......cccccirrimrrrrninnnninsnnnns 169

Figure 7.6 Bar graph representing IL-23 production from MoDCs when
stimulated with G5-glycans. IL-23 was measured by ELISA and
represented as pg/mL. Levels of LPS contamination varied between
samples with G5-EG;-fucose showing the greatest levels of
contamination as seen by the large production of IL-23 compared to LPS
controls. Data are representative of 3 separate experiments for G5
samples, 5 separate experiments for 10 ng/mL LPS, and 2 separate
experiments for 100 Nng/ML LPS..........cciii s 170

Figure 7.7 Bar graphs showing A) IL-23 production from MoDCs when
stimulated with a G5-OH control ligand before and after numerous
treatments with endotoxin removal resin which uses poly-L-lysine to
bind LPS and other endotoxin contamination. The results showed that
only one treatment is needed B) IL-23 production after all ligands were
treated twice with endotoxin removal resin. Levels of IL-23 production
after resin treatment when cells were stimulated with G5-glycans were
restored to background levels. Data are representative of 2-3 separate
experiments **p<0.01(Welch’s t-test). .......ccccrrrriimiiniiiccce e 171

Figure 7.8. A) flow cytometry dot plot showing live/dead fluorescence after
treatment with LPS (red) or LPS+G5-EGe¢-dimannose (150 nM) (green) for
one donor. No increase in fluorescence was observed indicating the cell
population remained alive after G5 treatment. B) Bar graph showing
there was no change in MFI before and after treatment with G5-glycans
for 6 independent dONOrS. ..........ccccccmiririiirccce e 171

Figure 7.9 Endocytosis of G5s bearing different glycans and linker lengths. A-
C) light microscopy images of DCs after 24 hrs incubation with 150 nM
A) G5-EG;-dimannose, B) G5-EG;-fucose, C) G5-EG12-OH. D) Images of
cells treated with 150nM G5-glycans for 24 hours which were then
centrifuged to pellet the cells and remove the supernatant. From left to
right; G5-EG2-dimannose, G5-EG;-fucose, G5-EGs-dimannose, G5-EGs-
fucose, G5-EG12-dimannose, G5-EG+.-fucose, G5-EG1.-OH. G5-glycans
were internalised, as evidenced by the purple cell pellets, which
seemingly decreased as linker length increased. The G5-OH was not
iNternalisSed. ... e e 172
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Figure 7.10 Bar graphs showing A) IL-23 and B) IL-10 production by MoDCs
when stimulated with LPS or LPS plus various G5-EGn-glycans/free
ligands. Cytokines were measured by ELISA and normalised to LPS
stimulated (for free azido(N3) ligands) or LPS+G5-OH cells (for G5-
glycans) (set as 1) then presented as a log2 function. Data are
representative of 4-10 independent experiments. *p<0.05, **p<0.01
(Dunnett’s multiple comparisons test)........ccccccviieicecrrrrinnsccssseeeeeeeennnns 173

Figure 7.11 Bar graphs comparing A) IL-23 and B) IL-10 production by MoDCs
when stimulated with LPS or LPS plus 75 uM dimannoseN3/ fucoseN3 or
50mM dimannoseN3/fucoseN3. Cytokines were measured by ELISA and
normalised to LPS stimulated cells (set as 1) then presented as a log2
function. Data are representative of 3-10 independent experiments.
*p<0.05, **p<0.01 ***p<0.001 (Dunnett’s multiple comparisons test).....175

Figure 7.12 CD80(left) and CD86(right) expression by MoDCs which were
either unstimulated, stimulated with LPS or stimulated with LPS in the
presence of A) G5-EGg-dimannose or free dimannoseN3, and B) G5-EG6-
fucose or free fucoseN3. Data are representative of at least 4
independent experiments. Symbols of the same colour represent the
same donor. ns (paired f-test). ........ccccceriiriiiiinrnr e ——— 176

Figure 7.13 Bar graphs representing A) CD80 and B) CD86 expression on
unstimulated and HKST stimulated MoDCs expressed as MFI. Data are
representative of at 6-7 independent experiments (different donors)
*p<0.05, **p<0.01 (paired t-test).......cccccrrrririrrerrrrrr e 177

Figure 7.14 Bar graphs showing A) IL-23 and B) IL-10 production from
unstimulated and HKST stimulated MoDCs. Cytokines were measured by
ELISA and represented as pg/mL Data are representative of 5-6
independent experiments *p<0.05, **p<0.01 (Wilcoxon)..........ccccerrrunen. 178

Figure 7.15 Bar graphs showing A) IL-23 and B) IL-10 production by MoDCs
when stimulated with HKST or HKST plus various G5-EG,-glycans/free
ligands. Cytokines were measured by ELISA and normalised to HKST
stimulated (for free ligands) or HKST+G5-OH cells (for G5-glycans) (set
as 1) then presented as a log2 function. Data are representative of at
least 6 independent experiments. *p<0.05, **p<0. (Dunnett’s multiple
CoOmMPAriSON teSt). ......ceviiiiii i —————————— 178

Figure 7.16 Bar graphs representing A) CD80 and B) CD86 expression on
unstimulated and PAM2CSK4 or PAM3CSK4 stimulated MoDCs
expressed as MFI. Data are representative of at least 5 independent
experiments. *p<0.05 (paired t-test)..........ccoecmrrrrinrinin e 180

Figure 7.17 Bar graphs showing A) IL-23 and B) IL-10 production from
unstimulated and PAM3CASK4 or PAM2CK4 stimulated MoDCs.
Cytokines were measured by ELISA and represented as pg/mL Data are
representative of 6 independent experiments (different donors) *p<0.05
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Figure 7.18 Bar graphs showing A) IL-23 and B) IL-10 production by MoDCs
when stimulated with PAM2CSK4 or PAM2CSK4 plus various G5-EG,,-
glycans/free ligands. Cytokines were measured by ELISA and normalised
to PAM2CSK4 stimulated (for free ligands) or PAM2CSK4+G5-OH cells
(for G5-glycans) (set as 1) then presented as a log2 function. Data are
representative of 6 independent experiments. *p<0.05 (Dunnetts multiple
COMPAriSON teSt). ......ceiiiiiir i —————————————— 182
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Figure 7.19 Bar graphs showing A) IL-23 and B) IL-10 production by MoDCs
when stimulated with PAM3CSK4 or PAM3CSK4 plus various G5-EG,,-
glycans/free ligands. Cytokines were measured by ELISA and normalised
to PAM3CSK4 stimulated (for free ligands) or PAM23CSK4+G5-OH cells
(for G5-glycans) (set as 1) then presented as a log2 function. Data are
representative of 6 independent experiments. *p<0.05 (Dunnett’s multiple
CoOmMPAriSON teSt). ......ceiiiiiii i —————————————— 182

Figure 7.20 Light microscopy images of G5 endocytosis in the absence or
presence of DC-SIGN and MMR inhibitors where the rows contain A) G5-
EGe¢-dimannose, B) G5-EG6-fucose, C) G5-EG12-OH and columns contain
1) no inhibitor, 2) 10 pg/ml a-DC-SIGN inhibitor mab161 3) 20 pg/ml a-
MMR inhibitor clone 15-2 4) Both 10 pg/ml a-DC-SIGN inhibitor mab161
and 20 pg/ml a-MMR inhibitor. ... 184

Figure 7.21 Images of pelleted cells after the supernatant was removed after
being treated for 24 hours in the absence or presence of DC-SIGN and
MMR inhibitors where the rows contain A) G5-EGes-dimannose, B) G5-
EGe-fucose, C) G5-EG12-OH and columns contain 1) no inhibitor, 2) 10
Hg/ml a-DC-SIGN inhibitor mab161 3) 20 pg/ml a-MMR inhibitor clone 15-
2 4) Both 10 pg/ml a-DC-SIGN inhibitor mab161 and 20 pg/ml a-MMR
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Figure 7.22 Bar chart representing number of G5-EGs-dimannose(red bars),
G5-EGe-fucose(blue bars) or G5-EG12-OH(clear bars) internalised per
MoDC when treated with no inhibitor, a DC-SIGN inhibitor, a MMR
inhibitor or both inhibitors, measured by ICP-MS for donors A and B.
Error bars represent the SDs of duplicate measurements..................... 186

Figure 7.23 Bar graph showing IL-23 production by MoDCs when stimulated
with LPS or LPS plus either A) dimannoseN3 or B) fucoseN3 alone (no
inhibitor) or in the presence of MMR inhibitor (clone15-2), DC-SIGN
inhibitor (mab161), or both. Cytokines were measured by ELISA and
normalised to LPS stimulated cells (set as 1) then presented as a log2
function. Data are representative of 5 independent experiments * p<0.05
(Dunnett’s multiple comparison). ........ccccccirinninr e 188

Figure 7.24 Bar graph showing IL-10 production by MoDCs when stimulated
with LPS or LPS plus either A) dimannoseN3 or B) fucoseN3, alone (no
inhibitor) or in the presence of MMR inhibitor (clone15-2), DC-SIGN
inhibitor (mab161) or both. Cytokines were measured by ELISA and
normalised to LPS stimulated (set as 1) then presented as a log2
function. Data are representative of 3 independent experiments. (No
significance was observed using Dunnett’s multiple comparisons test).
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Figure 7.25 (a-b) flow cytometry dot plots showing A) Unactivated T cells
characterised by a single population at high fluorescence and B) anti-
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Part A

Development of glyconanoparticles to investigate biophysical and structural
mechanisms of DC-SIGN multivalent lectin-glycan binding



Chapter 1 — Introduction

1.1 Protein carbohydrate interactions

Protein-carbohydrate interactions (PCls) are central to a wide array of biological
processes, mediating functions such as cell adhesion, cell-cell communication and signal
transduction. PCls are crucial for pathogen recognition via pathogen associated
molecular patters (PAMPs) thereby triggering host immune defences against infections.
Protein trafficking, protein stability, cell growth, cytokine modulation and homeostatic
regulation also all require specific PCls to occur. These interactions are facilitated by
carbohydrate binding proteins (e.g. lectins), glycosidases and antibodies, which
recognise and bind specific glycan structures on glycoproteins, glycolipids or free
oligosaccharides.(1) Due to the structural diversity of carbohydrates, PCls are typically
characterised by high specificity but are relatively low affinity for monovalent binding,
often relying on multivalency and optimal spatial arrangements for biological
effectiveness.(2)

In nature, PCls are not limited to animal systems, but are also widespread and
functionally significant in other organisms, including plants, fungi and bacteria. In plants,
lectins play vital roles in defence mechanisms and nutrition storage, and fungi can
secrete carbohydrate active enzymes to degrade plant cell walls to aid in nutrition
acquisition. Additionally, in microbial systems, bacterial adhesins exploit host glycan
structures to initiate colonisation, and viruses frequently depend on glycan receptors to
enter host cells. These examples underscore the widespread importance of PCls across
different biological kingdoms.(3)

1.1.1 PCls in immunology

In the extracellular matrix (e.g. in solution), PCls are mostly involved in development,
respiration, coagulation, angiogenesis and inflammation.(4) However in animal and host-
microbe systems, membrane bound PClIs are indispensable players in innate and
adaptive immune recognition, regulation and response. Immune cells utilise PCls to
sense their microenvironment and coordinate appropriate responses. On immune cell
surfaces, glycan-binding proteins such as C-type lectins (CLRs), sialic acid binding
immunoglobulin-like lectins (siglecs) and selectins act as molecular sensors of glycan
patterns associated with pathogens or self-danger signals to facilitate immune
surveillance and modulation.(5) Glycans act as molecular signals, with the type and
structure of the glycans allowing cells to distinguish between self and non-self, healthy
and diseased states. The ability to recognise and interpret these glycan patterns



underpins essential processes such as immune cell trafficking, pathogen elimination,
inflammation and immunological tolerance (Figure 1.1).(6-8)

Pattern recognition receptors (PRRs) like CLRs bind pathogen-associated glycan motifs,
initiating phagocytosis, endocytosis, antigen presentation and cytokine production. In
parallel, cell adhesion molecules such as selectins guide the migration of leukocytes to
sites of infection or injury by recognising glycosylated ligands on the endothelium, and
siglecs help maintain tolerance to self-glycans.(9, 10) These interactions ensure that
immune responses are precisely located and regulated. Furthermore, PCls are not only
vital for innate immunity, but also orchestrate interactions between antigen presenting

cells (APCs) and lymphocytes, facilitating the activation of adaptive immunity.(11)

However, these systems can also be exploited to contribute to disease. Many viruses,
including HIV, influenza and SARS-CoV-2 exploit lectin receptors to facilitate cell entry
into cells and/or escape immune surveillance.(12) Once inside cells, some viruses can
exploit CLR mechanisms to circumvent antigen processing and alter signalling,
ultimately skewing T cell responses and escaping immunity.(13-15) Similarly, bacterial
adhesins often recognise host glycan patterns to colonise tissues and initiate infection,
exemplified by uropathogenic Escherichia coli which utilises its FimH adhesin to
recognise and bind endothelial cell mannose in the urinary tract.(16) These pathogenic
strategies demonstrate how PCls can be manipulated to bypass immune surveillance

and initiate infection.

In the context of cancer, altered glycosylation patterns is an indicator of malignant
transformation. Tumour cells frequently express abnormal glycan structures such as O-
glycans, or those with increased sialylation or fucosylation.(17) Such changes modulate
the interaction of cancer cells with the immune system, either suppressing the immune
response by masking receptor binding sites on the cancer cell surface, or engaging
inhibitory receptors such as siglecs on NK cells and macrophages, thereby promoting
immune suppression and tolerance of the tumour.(18) Additionally, PCls between
tumour cells and selectins on platelets or endothelial cells can promote tissue
invasion.(19) Thus PCls contribute not only to immune evasion but also to the physical
spread of cancer.

PCls are also deeply implicated in autoimmune and inflammatory diseases. In these
diseases, immune cells may misinterpret self-glycans as foreign, leading to chronic
immune activation and tissue damage. This breakdown in self-tolerance has been linked
to conditions such as rheumatoid arthritis(20), type 1 diabetes(21), lupus and multiple
sclerosis.(4) In some cases, pathogens may trigger autoimmunity through molecular
mimicry, where foreign glycans resemble self-structures, misleading the immune system

into attacking self-components.(22) Furthermore the dysregulation of glycan-mediated



signalling pathways can result in persistent inflammation and immune dysfunction,

exacerbating disease progression (Figure 1.1).(23)
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Figure 1.1 Schematic depicting the involvement of PClIs in many different immunological
processes from cell adhesion, immune signalling and modulation, to bacterial
colonisation of host cells, tumour cell mediated immune suppression, self-tolerance,
autoimmune disease, and viral immune escape and T cell infection.

Given their ubiquitous nature in regular immune function and their role in cancer,
infection and autoimmune diseases, PCls have become attractive targets for studying to
further understand their functions, and for the design of new immune-related therapeutics
to combat these issues. For instance, the carbohydrate polymer hyaluronic acid (HA)
has been employed on microparticles for targeted drug delivery of doxorubicin to CD44*
tumour cells, while glycan modified peptides are being developed to dual inhibit HIV entry
into both dendritic cells (DC) and T cells.(24, 25) Furthermore, carbohydrate immune
modulation though PCI induced signalling offers new possibilities for immunotherapy and
prolonged allograft survival.(26)

Understanding the molecular principles that govern these PCls is critical for elucidating
mechanisms of cellular communication and for advancing therapeutic and diagnostic
strategies in fields such as oncology, infectious disease and immunology. This chapter
provides an introduction to the relevance of PClIs in the immune system, specifically
those mediated through the C-type lectin, DC-SIGN, and gives an overview of the use of
glyconanotechnology to explore such interactions.

1.2 C-type lectin receptors

Many of the fundamental PCls involved in immunity, and those which are studied in this
thesis, are mediated through CLRs. CLRs are an extensively characterised class of



receptor, primarily expressed on cells of myeloid lineage (DCs, macrophages,
monocytes), which bind to carbohydrate structures present on cell wall components of
pathogens, in a calcium (Ca?*) dependent manner.(27-30) Once bound to a carbohydrate
motif, the main function of a CLR is to capture pathogens for intracellular degradation.
CLRs can also transduce signals upon ligand recognition and induce cytokine
production, however, most CLR signalling acts through modulating cellular signalling
pathways initiated though ligand interactions with alternative receptors such as Toll-like
receptors (TLRs) and nucleotide oligomerisation domain (NOD)-like receptors
(NLRs).(31) While recognition of pathogenic carbohydrates by CLRs is vital in pathogen
detection, pathogen internalisation and antigen presentation on APCs, CLRs are also
able to differentiate between these structures and similar motifs on self (endogenous)-
glycoproteins (such as blood group antigens).(30, 32) This allows tolerance to self-
antigens and avoids the onset of autoimmune diseases.(33)

The CLR superfamily comprises over 1,000 proteins, which is further divided into 17
subgroups depending on their phylogeny and domain organisation.(34-36) Among these,
two main structural types of CLR are expressed on DCs; type | and type Il. These are
distinguished primarily by their molecular orientation and domain architecture. Type |
CLRs have their amino (N) termini pointing extracellularly whereas type Il CLRs have
their N termini pointing into the cytoplasm of the cell. They also differ in the number of
carbohydrate recognition domains (CRDs) available for binding.(29) Type | CLRs
possess multiple CRDs or CRD-like domains in their extracellular region enabling
multivalent binding. In contrast, type Il surface lectins contain just one CRD at their
carboxyl-terminal extracellular domain. Both types are anchored in the cell membrane
by a short transmembrane region, with a cytoplasmic tail extending into the cytoplasm
which often contains signalling or internalisation motifs, important for signal transduction,

immune activation and endocytosis (Figure 1.2).(37)
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Figure 1.2 Representation of a typical type | and Il C-type lectin.

Many different CLRs expressed on DCs have been described to date, most of which
conform to the type Il features. These include, but are not limited to; macrophage
inducible C-type lectin receptor (Mincle), Dectin-1(38), Dectin-2, DC immunocore
receptor (DCIR)(39), Langerhans cell-specific C-type lectin (langerin)(40), dendritic cell
lectin (DLEC), dendritic cell-specific ICAM-3 grabbing non-integrin (DC-SIGN)(14), and
C-type lectin 1 (CLEC)(41), which all contain just one CRD at each C-terminal end.
Among frequently expressed type | transmembrane receptors are the macrophage
mannose receptor (MMR) and DEC205 which have 8 and 10 CRDs, respectively.(42-45)
Not all receptors are expressed by each subcategory of DCs. In fact, langerin is
expressed exclusively by Langerhans cells, a skin resident DC subset.(46) Monocyte
derived DCs express the widest range and diversity of CLRs.

Appropriate immune responses to invading pathogens are associated with the
recognition of PAMPs by CLRs. Once a particular pattern has been recognised, an
internalisation, degradation and antigen presentation sequence is triggered; a process
that is highly dependent on specific internalisation motifs present in the cytoplasmic
domains of the triggered receptor. These short-sequence motifs are recognised by
adaptor proteins involved in the endocytic and sorting pathway which ensure dynamic
movement and designated distribution of transmembrane receptors and ligands into
intracellular compartments. Such sequences include the di-leucine motif (Leu-Leu),
tyrosine based sequences or the tri acidic cluster (Glu-Glu-Glu).(47-49) Once delivered
into a lysosome, the receptor-ligand complex is degraded, then the antigenic products of



this degradation are presented by MHC (major histocompatibility complex) class Il
molecules to CD4" T cells to initiate T cell priming. Under alternative conditions, the
bound ligand may be released in the endosome for further processing but the receptor
is recycled back to the cell surface to bind new ligands for further internalisation, resulting
in enhanced antigen uptake and presentation by DCs (Figure 1.3).(50)
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Figure 1.3 Schematic of the recognition of pathogens by CLRs and TLRs. Immature DCs
express TLRs and CLRs that bind specific pathogen components and carbohydrate
structures, respectively. Pathogen recognition by TLRs induces a signalling cascade,
resulting in the production of cytokines and DC maturation (upregulation of CD80/86).
The recognition of pathogens by C-type lectins leads to internalisation of pathogens and
intracellular processing for presentation by MHC class | and Il molecules to T cells
through the T cell receptor (TCR).



Although many CLRs, such as DEC-205, MMR and langerin, exert endocytic activity,
there is limited evidence to suggest that they alone can induce the gene transcription
required for innate immunity to infection, instead requiring signalling cross-talk with TLRs
to induce the desired immune response.(51) However, evidence suggests that, upon
engagement, some CLRs can directly induce signalling pathways to elicit the production
of tailor-made cytokine profiles, essentially orchestrating T cell differentiation and
regulating innate and adaptive immune responses self-sufficiently.(49) Upon
engagement of Dectin-1 by B-(1-3)-glucan (produced by fungi) intracellular signalling
pathways activate transcription which ultimately results in efficient pro-inflammatory
immune responses, which are crucial for antifungal immunity.(34, 38, 52) While some
CLRs, such as Dectin-1, elicit pro-inflammatory responses, others will dampen myeloid
cell activation and inhibit cytokine expression.(53)

It is undisputed that CLRs have a clearly defined role in immunity, however their function
does not end with exertion against microbes. Myeloid CLRs are also essential in the
detection of abnormal and dead cells as well as having functions related to cancer by
supporting the interaction of cancer cells with platelets, leukocytes and endothelial cells,
thereby facilitating immune suppression.(19) Dead cells are recognised by their exposed
mannose and fucose structures and this process is crucial for maintaining tissue and
organ homeostasis.(4, 34) The wide variety of functions displayed by CLRs makes them
attractive targets for drug and vaccine candidates. This is, however, not without its
difficulties, as broad overlaps in the specificities for naturally occurring carbohydrate
ligands still makes targeting singular CLRs difficult, especially under in vivo
conditions.(36)

1.3 Lectin glycan interactions

Lectin glycan interactions (LGls) typically occur through a lectins’ carbohydrate
recognition domain (CRD), and binding within this site is dependent on complexation of
carbohydrate hydroxyl groups to a Ca*" cofactor, through the formation of Ca*-OH
coordination bonds at the 3- and 4- hydroxyl sites (Figure 1.4).(32, 36, 54) Conserved
amino acid residues within the CRD will determine its preference for a particular
carbohydrate molecule, for example Glu-Pro-Asn and GIn-Pro-Asp confer specificity for
mannose-type and galactose-type motifs, respectively.(35, 37, 55) This is due to the
formation of four further H bonds between amino acid carbonyl residues with the 3- and
4- hydroxyl groups, which are spatially oriented in different positions in the cases of
galactose and mannose, enabling the differing preference.(35) Mutation of calcium sites
results in loss of ligand binding, showing Ca®" complexation is fundamental to CLR-
carbohydrate binding.(56) The specificity of a lectin is also shaped by its distinctive
structural features. Strong LGls can only occur when the carbohydrate residues on a



glycoprotein or complex glycan align to fit the spatial constraint imposed by the lectins’
CRD binding pocket, so as to form strong intermolecular interactions while avoiding steric
clashes.

A5

Figure 1.4 Diagram depicting calcium dependent binding within a CRD. Shown is a
pseudo-mannosylated ligand bound in the major binding mode to DC-SIGN
(PDB: 2XR5). The close-up highlights coordination of the mannose residue to the
calcium ion (purple dash line, light green dot) through its 3-and 4-hydroxyl groups,
illustrating the central role of calcium in carbohydrate recognition within a lectin CRD.
Also highlighted are the directions of four further hydrogen bonds (blue dash lines)
between 3- and 4- hydroxyl groups towards other DC-SIGN residues (Glu347, Asn349)
which help determine the carbohydrate preference of a lectin.

The primary carbohydrate binding site on a CLR is located in the ‘long loop’ - a region of
protein which is characterised by high flexibility, but this site is often shallow and exposed
to surrounding solvent.(57) The resulting effect is that polar carbohydrates are constantly
in binding competition with surrounding water molecules which engage in similar
hydroxyl interactions within the CRD.(58) So despite having high specificity, as a
consequence of competing coordination with water hydroxyl groups, monosaccharide
binding is typically weak and is associated with high dissociation constants (Kq), often in
the millimolar concentration range. Such level of binding is often too weak to be

considered biofunctional.(36)

Binding strength can be increased when additional parts of an oligosaccharide interact
with regions of the protein beyond the canonical Ca*" site.(36) This multivalent
engagement forms the basis for glycomimetic design, where synthetic molecules mimic
not just the primary glycan structure, but also make contacts with surrounding regions of
the protein to enhance affinity and specificity. As well as having low binding affinities,
carbohydrates suffer from high polarity, quick metabolic turnover and other poor
pharmacokinetic properties.(59) Development of glycomimetics looks to overcome these
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disadvantages by designing molecules to be less polar and allowing secondary
interactions. Common modifications might include the addition of an aryl moiety; able to
participate in hydrophobic CH-pi stacking interactions.(60) Enhancing the binding affinity
of sugars in this manner allows C-type lectins to become more plausible as ‘druggable’
targets.(58)

Although new glycomimetics are emerging and exhibit stronger binding compared to
unmodified monosaccharides, the strongest binding is observed between C-type lectins
and highly multivalent ligands with multiple branched, repeating structures that may
engage multiple low-affinity binding sites simultaneously.(2, 61, 62). This high-affinity
binding is a key influence in pathogen uptake, internalisation and degradation. Bacteria,
parasites and fungi all have complex and unique glycosylation patterns, often coined
their ‘carbohydrate fingerprint’, which are extended and branched and therefore able to
engage multiple binding sites at once.(49, 63) This intricate pattern of carbohydrates
increases specificity, and subtle differences in composition and quantity of particular
carbohydrates in these ‘fingerprints’ assists DCs in being able to differentiate between
similar structures on foreign and host cells. For example, structures with high mannose
content and terminal mannose or N-acetylglucosamine are more prevalent in viral
glycoprotein envelopes and are rarely found on mammalian cell surfaces, making host
and foreign cells distinctly identifiable from one another.(64, 65)

Because of the need for multivalent interactions to propagate functional signalling
cascades, and since many biologically relevant ligands are branched and multivalent,
lectins will commonly form oligomers in which multiple CRDs are clustered together. This
alters the specificity and affinity of carbohydrate recognition in a way such that a spatially
matched multivalent ligand can bind multiple CRDs simultaneously and boost binding
affinity into the nanomolar range. Such examples of clustering is observed in the
mannose binding protein and DC-SIGN, which form trimers and tetramers,
respectively.(66)

Biological systems use multivalent interactions for a number of functional advantages
beyond increased specificity, including but not limited to; tight binding from ligands with
low surface area, signalling induction by large conformational changes, changing
molecular distribution, creating conformational contact between large biological surfaces
and grading biological signalling.(2)

1.4 DC-SIGN

Since its discovery in 1992, arguably the most widely studied member of the CLR family
is the dendritic cell-specific ICAM-3 grabbing non-integrin (DC-SIGN).(67) DC-SIGN is
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most abundantly expressed by immature myeloid DCs and is also found on dermal,
interstitial and a subset of blood DCs.(48, 68)

1.4.1 DC-SIGN structure

In the extracellular region, like other type Il transmembrane proteins, DC-SIGN has just
one carbohydrate recognition domain, atop of an alpha-helical neck region consisting of
a 23 amino acid sequence, repeated 7.5 times.(69) A transmembrane region is then
followed by the cytoplasmic tail, which contains the di-leucine, tri-acidic and tyrosine
motifs, essential for ligand internalisation and receptor recycling.(15)

A central trait to DC-SIGN is its inclination to exist in a tetrameric format. The
tetramerization of DC-SIGN is mediated by the alpha helices of the neck-repeat domain
(Figure 1.5).(66, 70) The helical nature of the extracellular neck is archetypal of the
hydrophobic amino acids residues present in recurring intervals of 3-5, which are driven
to stack spontaneously in their quest to avoid the hydrophilic nature of the extracellular
region. Lateral interactions between the 23 amino acid sequences in individual helices
forms a coiled coil and stabilises oligomerisation.(71) By creating a series of truncated
forms of DC-SIGN, Feinberg et al. even demonstrated that oligomerisation into a
tetramer is reliant on at least 6 helical repeat units in the neck region. 3-5.5 Repeats will
provoke an equilibrium between tetrameric and dimeric forms, while fewer than three

repeats will put the equilibrium between dimer and monomer.(71)

The organisation of DC-SIGN into tetramers is extremely influential in the lectin’s affinity
in binding ligands bearing carbohydrate moieties.(72) The stabilising interactions
between neck regions of DC-SIGN direct all four of the carbohydrate recognition domains
to point upwardly from the cell surface.(73) This creates the perfect binding platform for
a spatially matched ligand to interact in a multivalent manner. Simultaneous binding of
spatially matched multivalent binding partners creates a single entity and, as such, gives
the highest affinity enhancement and selectivity due to the most favourable enthalpy
terms.(74) Oligomerisation of CRDs also enables amplification of ligand specificity and
dictates the distinct sets of pathogens recognised by DC-SIGN; while both the mannose
binding protein and DC-SIGN recognise mannose, the mannose binding protein is known
to form trimers whereas DC-SIGN readily forms tetramers, giving rational to their distinct
carbohydrate binding specificities.(66, 75)
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Coiled
coil

~° Neck
region

' Transmembrane region

Signalling motif
Cytoplasmic tail

Figure 1.5 A) The amino acid sequence of DC-SIGN, where the bold blue shows the
transmembrane region, grey highlights show the 7.5 neck repeat units and the bold red
indicates the mannose binding motif. B) Labelled schematic of a DC-SIGN monomer
(left) and a DC-SIGN tetramer (right). During tetramerization, four neck regions come
together to form a coiled coil, thereby stabilising the tetramer.

1.4.2 DC-SIGN ligand binding

DC-SIGN s fairly unique due to its remarkably broad glycan binding specificity.(76, 77)
The initial discovery of DC-SIGN was based on the observation that DCs could bind to
the endogenous ligand ICAM-3 with high affinity.(68) ICAM-3 is a heavily glycosylated
type | transmembrane protein, containing high mannose-type oligosaccharides.(78)
Since this discovery, DC-SIGN has also been shown to bind to ICAM-2 but not ICAM-
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1.(79) Studies into the enzymatic removal of N-linked carbohydrates from ICAM-3 and
ICAM-2 show a complete elimination the ability of the proteins to bind to DC-SIGN,
confirming the importance of these carbohydrates in this binding profile.(56)

From its strong interaction with ICAM-3 and ICAM-2 it is evident that DC-SIGN interacts
with high mannose oligosaccharides. DC-SIGN binds less so with single terminal
mannose, instead preferring upwards of 3 mannose residues located internally in the
overall oligosaccharide.(75) Mannose recognition also appears to be dependent on its
spacing on glycoproteins.(66) While DC-SIGN has been shown to bind high mannose
containing structures, it exhibits dual specificity and also binds unsialated fucose-
containing carbohydrates such as Lewis®, Lewis’, Lewis® and Lewis®, which contain
fucose through different anomeric linkages.(80) The interaction of DC-SIGN with
mannose and fucose containing glycans underpins dendritic cell binding to envelope
viruses like HIV(14) and Ebola(81), and to bacteria such as Mycobacterium
tuberculosis(52), Candida albicans(82) and Helicobacter pylori(83).

Further molecular insights into the binding profile of DC-SIGN have also shown
interaction between DC-SIGN and blood group A/B antigens and their fragments,
including a-galactose.(32) The interaction of galactose to DC-SIGN is weak but specific,
and NMR studies show a possible dependency on the valine residue (V351) located at
the primary Ca** binding site, having shown close proximity of GalH2 to this residue.
V351 is also involved in binding of other ligands too, with its side chain packing perfectly
against the hydrophobic cleft formed by certain glycans, but not all, showing that ligands
have different, but overlapping binding sites.(80) In fact, binding sites for some ligands
may even differ depending on the orientation of the molecule.(74) For small mannose
ligands, coordination to DC-SIGN can be achieved in two distinct orientations. The major
binding mode indicates that the reducing end of mannose is oriented away from the
binding site whereas the minor binding mode has the reducing end towards the binding
site. Fucose has its own distinct binding site to mannose.

Interestingly, fluorination of mannose in the 3-OH position and of galactose and fucose
in the 4-OH position completely abrogates DC-SIGN binding, unambiguously indicating
that no matter the binding site, binding of mannose, galactose and fucose is dependent
on complexation of calcium to the 3-OH and 4-OH positions. These data are in
agreement with molecular dynamics simulations on fucose which suggest a stable
hydrogen bonding network is present between 3-OH, 4-OH and residues E347, N350,
E376 and N365.(32)
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1.4.3 DC-SIGN function

Like other CLRs, DC-SIGN is involved in antigen uptake, internalisation and degradation.
The main function of DC-SIGN is pathogen capture and once a ligand has bound, rapid
internalisation into lysosomal compartments is induced, facilitated by the di-leucine motif
in the cytoplasmic tail.(29) As previously mentioned, the tri-acidic cluster in this
cytoplasmic region also plays an important role in protein degradation and accurate
trafficking into correct lysosomal compartments facilitating antigen presentation.(84)
Importantly, DC-SIGN also behaves as a signalling receptor.(85) Although triggering of
DC-SIGN by pathogens alone does not initiate cytokine secretion, it enables the shaping
of immune responses by the modulation of TLR signalling at the transcriptional level.(52,
86)

Binding of DC-SIGN to self-glycoproteins such as ICAM-2 and ICAM-3 also allows DC-
SIGN to function as a cell-adhesion receptor, facilitating interactions between dendritic
cells with T cells, endothelial cells and neutrophils by the formation of an immunological
synapse.(87, 88) The importance of DC-SIGN in mediating this DC-T cell contact has
been validated by the observation that DC-T cell clustering was inhibited in the presence
of anti-DC-SIGN antibodies.(14) T cell proliferation was also inhibited in the presence of
these anti-DC-SIGN antibodies, an observation that highlights the importance of DC-
SIGN in primary immune responses. Although transient, the interaction of DC-SIGN with
ICAM-3 is strong enough to stabilise the DC-T cells interaction and enable screening of
enough resting T cells to achieve efficient engagement of a productive TCR. While the
above functions are largely based on the DC-SIGN-ICAM-3 interaction, the DC-SIGN-
ICAM-2 interaction facilitates DC migration from blood to tissues. During this migration,
DC maturation results in changes to the cell surface profile and allows DCs to attract
resting T cells and present their antigenic load.

Due to its broad binding specificity, DC-SIGN interacts with numerous pathogens, with
some resulting in unique immunological outcomes.(29, 52) Binding of DC-SIGN by
distinct pathogens can lead to the modulation of TLR4 signalling, skewing type 1 and
type 2 T cell responses.(89-91) The finding that DC-SIGN signalling could be ligand
dependent has been well exemplified by Gringhuis et al. who showed that that
carbohydrate specific ligation of DC-SIGN leads to a switch in the proximal DC-SIGN
signalosome, which provides the basis for the plasticity that DC-SIGN shows in tailoring
immunity in response to distinct pathogens.(92, 93)

Mycobacterium tuberculosis, a species of pathogenic bacteria in the family
Mycobacteriaceae, interacts with DC-SIGN via the ligand ManLAM.(94) ManLAM is a
mannose containing glycan abundantly expressed in mycobacterial cell walls.(95)
Stimulation of DC-SIGN by ManLAM is not in itself enough to generate an immune
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response, however, simultaneous activation of TLR4 with lipopolysaccharide (LPS)
generates an intracellular TLR4 signalling cascade which leads to cytokine production
(Figure 1.6A). Through studying the accumulation of various kinases potentially involved
in DC-SIGN signalling, it was discovered that recruitment of the serine-threonine kinase
Raf-1 is central to the modulation of TLR specific immune responses by DC-SIGN in
response to mannose containing ligands. The recruitment of Raf-1 to the DC-SIGN
signalosome, containing proteins; LSP1, KSR1 and CNK, by upstream effectors LARG
and RhoA modulates TLR4 signalling and enhances expression of proinflammatory
cytokines such as interleukin(IL)-12 and IL-6, as well as regulatory IL-10. For successful
activation of Raf-1, conformational changes are essential and are carried out by
translocation of Raf-1 to the membrane though interaction with the GTPase Ras. Once
relocated, phosphorylation of Raf-1 on Ser338 and Tyr340/341 by PAKs and Src kinases
respectively is necessary for phosphorylation and acetylation of the p65 subunit of the
transcriptional factor NF-kB. Acetylation of p65 enhances and prolongs the
transcriptional activity of NF-kB and thus induces cytokine gene expression.(52)

In contrast, Helicobacter pylori which interacts with DC-SIGN via fucose containing
motifs, leads to an active dissociation of the KSR1-CNK-Raf-1 triad from the DC-SIGN
signalosome, resulting in the failure to induce Raf-1 phosphorylation (Figure 1.6B). While
this leads to the upregulation of IL-10, three inflammatory cytokines IL-12, IL-6 and IL-
23 are downregulated in this instance. Cytokine production upon fucose-DC-SIGN
binding was found to be LSP-1 dependent (in a similar manner to mannose) but Raf-1
independent.(52, 92) Follow up studies revealed that suppression of proinflammatory
cytokines by fucose-DC-SIGN signalling was a result of the disturbance of the formation
of the p65-p50 NF-kB dimer with the p65 subunit found to be almost completely absent
after LPS/fucose co-stimulation. Simultaneous triggering of TLR4 with LPS and DC-
SIGN with fucose leads to phosphorylation of ser252 on LSP1 though activation of the
kinase MK2. This allows for the recruitment of kinases IKKe and CYLD to the LSP1
signalosome and leads to the accumulation of NF-kB family member BCL3. Binding of
BCL3 to the p50 subunit results in a p50-p50 homodimer forming preferentially over the
p65-p50 heterodimer. BCL3 is an atypical member of the NF-kB family and has
previously been shown to restrict inflammation by suppressing IL-23 and inducing IL-
10.(92)
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Figure 1.6 A) Mannose specific DC-SIGN signalling modulates TLR4 signalling through
Raf1-dependent acetylation of p65 resulting in increased IL-10, IL-12 and IL-6
transcription B) Fucose specific DC-SIGN signalling modulates TLR4 signalling in a Raf1
independent manner leading to the association of BCL3 to the NF-kB p50 subunit,
resulting in increased IL10 transcription but reduced IL-6, IL-12 and IL-23 transcription.

1.5 Multivalency

From the examples discussed above, it is clear that the functional capacity of DC-SIGN
as a PRR is intimately linked to its ability to engage multivalently with a wide range of
glycan structures presented on pathogens. These multivalent contacts, involving
simultaneous engagement of tetrameric DC-SIGN CRDs with multivalent glycans are
essential to achieve high affinity interactions which are subsequently necessary for
effective pathogen recognition, internalisation, and downstream signalling.

Multivalency also provides an additional layer of specificity to LGIs. In this context, the
term specificity is not only defined by the binding affinity, which refers to the strength of
a single interaction between a lectins’ CRD and a particular glycan, but is also influenced
by the avidity, which is the cumulative binding strength of multiple simultaneous
interactions. Together affinity and avidity can shape how selectively a receptor like DC-
SIGN can discriminate between PAMPs and host glycans.

The binding affinity of a multivalent lectin glycan interaction (MLGI) (given by Equation
1.1 where L is the lectin, C is the glycan and LC is the lectin-glycan complex) can be
quantified by the equilibrium dissociation constant Ky. K4 describes the strength of the
lectin-glycan interaction by comparing the concentration of unbound glycans and lectins
to the bound concentration present at equilibrium (Equation 1.2). More straightforwardly,
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Ky indicates the concentration at which 50% of the lectins are bound at equilibrium. Ky is
related to the Gibbs free energy change (AG) which is the overall energy required for the
interaction to occur (Equation 1.3, where R is the ideal gas constant and T represents
the temperature in Kelvin).

L+C=LC Equation 1.1

K., = [L]ﬂ Equation 1.2
T ILC]

AG = RTInK, Equation 1.3

Multivalency increases the individual binding strength of LGls compared to their
constituent monovalent affinities and the differences in binding strength can be
compared based on two factors: the degree of cooperativity (a) or the enhancement
factor (B). The degree of cooperativity @ describes how multivalency augments AG in
comparison to the same number of monovalent interactions (N) given by Equation 1.4.
If @ = 1 then there is no cooperative effect between one interaction and the next however,
if « > 1 then the formation of the first interaction will enhance the interaction of the next.
The interaction of haemoglobin with O, is a prime example of positive cooperativity
whereby binding of one O2 molecule encourages the binding of the three subsequent O,
i.e. the free energy of binding for the second molecule of Oz is more favourable than the
first. Equally, negative cooperativity also exists with a<1, whereby the formation of one
interaction will inhibit the formation of the next.

AGpoiyn = aANAGyon, Equation 1.4

a measures how binding of one ligand affects the binding of another, but it does not
quantify how much the overall affinity changes compared to the monovalent interaction,
therefore B is generally a more useful descriptor of the affinity enhancement observed
upon multivalent binding and is given by Equation 1.5. 8 is a quantitative comparison of
K¢ mono and Ky poly, and can be used when the number (N) of interactions is
unknown.(2)
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B = M Equation 1.5
K
dpoly,N

To further understand how multivalent interactions are energetically stabilised and
biologically regulated, an insight into the enthalpic and entropic contributions is critical.
The thermodynamics of MLGIs are complex, with both enthalpic and entropic
components influencing binding strength and, as a result, biological function. The total
enthalpy of a polyvalent interaction (AHpay,N) is primarily considered to be the sum of the
enthalpies of the individual LGIs (NAHmono) Which reflects the amount of energy involved
in forming physical bonds between the lectin and the glycan. Thus, the greater the
multivalency the more favourable the enthalpy change. However, this value can be
modulated by other interactions around the binding site. Enthalpically enhanced binding
occurs when the binding of one glycan to its lectin binding site makes the binding of
subsequent glycans more favourable (i.e. AHpoy > NAHmono). An example is the binding
of pentameric cholera toxin to five GM1 moieties on a cell surface, where differences in
free energy can be attributed to enthalpic enhancement.(96) Enthalpically diminished
binding, conversely, occurs if the initial lectin-glycan binding interferes with subsequent
binding events. In this case, the overall enthalpy of the polyvalent interaction becomes
less favourable than expected from individual monovalent interactions (i.e. AHpoy<
NAHmono). This often happens when the formation of multiple LGIs involves energetically
unfavourable molecular conformations. Rigid polyvalent glycans may be particularly
susceptible to this, especially if there is a spatial mismatch between the glycans and
lectin’s binding sites. For instance, if a bivalent ligand's geometry does not perfectly
match a bivalent receptor's spacing, both the ligand and receptor may need to distort for
the second interaction to occur, introducing enthalpic strain.

Equally important to understanding MLGls is the entropic component, which governs the
thermodynamic feasibility of the interaction. The total entropy change (ASpoiy,n) for MLGIs
can be considered to consist of the sum of the translational, rotational and conformation
entropy changes, as well as a contribution from hydration entropy (Equation 1.6).

ASpoly = AStrans + ASrot + ASconf + ASHZO Equation 1.6

Translational entropy changes (ASians) reflect the loss of freedom of the molecules to
move in space upon binding, and rotational entropy changes (AS:.t) account for the loss
of rotational freedom around the ligands’ axes when they associate. Upon binding, six
degrees of freedom are typically lost per molecule (three translational and three
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rotational), contributing to the entropic cost. These factors are logarithmically related to
the size and mass and inversely related to the concentration. Since the size and mass
changes are usually within a factor of 10 and almost always within a factor of 100, then
Strans and Srot are not strongly affected upon 1:1 binding. However, since each molecule
adds its own contribution to the total degrees of freedom, binding of multiple lectins to
the same glycan (and vice versa) can have a greater impact on the total entropy cost
and therefore affinity.(2)

Since the rotational and translational entropic costs depend on the number of
translational and rotational degrees of freedom, binding events occurring in three
dimensions (in solution) incur the greatest entropic penalty, while two dimensional (cell
surface bound lectin and cell surface bound glycan pair) or one dimensional systems
(along filaments) reduce this cost.

Hydration entropy change (ASh20) typically is a positive contribution to total entropy
change, as ligand binding, especially in the case of LGls, often releases ordered water
molecules from hydrophobic surfaces. This effect is usually consistent per binding unit
and is additive across mono- and multivalent systems, so higher multivalency will lead
to increased liberation of water molecules from binding sites and a higher ASy20.

Finally, conformational entropy change (AScon) depends on the flexibility of the linking
group between binding sites. In an ideal system, the linkers would be perfectly rigid and
exactly match the receptor binding space. This is not the case for most biological
systems where both binding partners are likely to display some degree of flexibility prior
to binding and hence a negative conformational entropy change occurs due to the
restriction of molecular freedom upon binding. While AScon is therefore often large
enough to outweigh ASH2o to induce a negative ASyoy it can be compensated for by the
enthalpy to induce overall favourable binding. High flexibility ligands can oftentimes
alleviate steric strain of the system by minimising spatial mismatch and allowing the
ligand to bridge multiple binding sites simultaneously, facilitating conditions where AHyoly
> ASoy resulting in a negative Gibbs free energy change and therefore spontaneous,
favourable binding.

Overall, a lectin’s avidity is largely determined by the spatial compatibility between the
glycans’ structure and the lectin’s multiple binding sites. This highlights the critical role
of multivalency in governing high avidity interactions. Glycans that can simultaneously
engage all of a lectin’s binding sites with minimal steric hindrance will form the highest
avidity complexes. In contrast, glycans which induce unfavourable conformational
adjustments, or fail to bridge multiple binding sites will result in significantly weaker
interactions. These suboptimal interactions may dissociate before eliciting any biological

response.
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1.6 Glyconanotechnology

Understanding the binding in MLGls is essential for developing therapeutics, diagnostics,
imaging or other functional applications.(97) The complexity of the enthalpic and entropic
contributions involved in MLGIs makes it challenging to dissect individual variables by
studying natural systems alone. As such, there is a need for a well-defined, tuneable
platform to study multivalency in a controlled and quantifiable way. Glyconanotechnology
offers a powerful solution to this challenge.

Nanotechnology refers to the science of studying, developing and operating materials at
the nanoscale (approximately in the range 1-100 nm).(98) The development of
nanotechnology was initially conceptualised by Richard Feynman in the 1950s in his
vision to make machines that manipulated material on the atomic level. His ideas laid
the conceptual groundwork of this field, and nanotechnology advanced from this point
onwards.(99, 100) While much of the initial research in nanotechnology focused on
applications relating to the fields of physics and chemistry, by the 1980s with the
discovery of atomic microscopes and nano-carbon structures, nanoscale research and
its principles had also begun to be adopted by the fields of biology and medicine with
Nadrian Seeman in 1982 first conceptualising the idea of self-assembling DNA
nanostructures.(101) Based off this idea, in the early 2000s, Paul Rothemund developed
the first scaffold DNA origami.(102) Now in this decade, bio-nanotechnology is widely
regarded by experts as one of the most intriguing fields within nanoscience.
Nanotechnology has such wide scale use in biological research due to the
complimentary sizes of nanomaterials and cellular structures. Nanomaterials are the
perfect size to explore the interaction or applications of proteins and cell
components/interfaces, and applying nanotechnology to these biology-related areas has
led to significant advances in diagnostic techniques, drug delivery, drug potency, and
molecular imaging, yielding outstanding results.(103)

Under the branch of bionanotechnology, glyconanotechnology emerged, which can be
viewed as the integration of nanotechnology to explore biological and carbohydrate
related medical questions.(104) When biomolecules such as glycans are coupled to
nanomaterials which have unique catalytic, photonic, electronic, or magnetic properties
not observed in their bulk forms, they form hybrid materials with functional properties that
are highly capable of various applications.(105) Furthermore glyconanoparticles are of
similar dimensions to many biological molecules and structures, making them suitable
for therapeutic and diagnostic applications.

Glyconanoparticles, which are typically characterised by a nano-sized core made of
proteins, polymers, dendrimers or inorganic materials, and are coated with glycan
ligands, offer an excellent platform for a multivalent display of ligands which can boost
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avidity and allow closer study of these interactions. This is vital for a fundamental
understanding of the mechanisms underpinning all biological processes. Applying the
unique properties of materials at the nanoscale scale and their complimentary size to
biological structures, with their ability to mimic complex biological surfaces and mediate
specific interactions with glycan-binding proteins such as lectins, yields for a powerful
investigative tool.

Glyconanotechnology has indeed been used for a range of diverse and impactful
applications, including vaccines(106, 107), drug delivery(108), pathogen inhibition(109,
110), cancer therapies(111, 112) and imaging tools(113, 114) amongst many others.
Specifically, and related to the research in this thesis, glyconanomaterials serve as a
multifunctional platform for fundamental interaction studies such as investigating
multivalent lectin-glycan interactions (MLGIs) at the molecular level, which has
previously been inaccessible by other, larger scale techniques. Using
glyconanomaterials in this manner has provided valuable insights into the affinities and
binding modes lectin-glycan interactions, while also highlighting their significant potential
as therapeutic agents against a range of diseases and viral infections.(60, 115)

The highly tuneable nature of glyconanomaterials puts them at an advantage over
conventional drugs when targeting MLGIs for therapeutic applications. Their biological
activity can be intricately governed by a combination of physicochemical parameters,
including scaffold type, multivalency, surface ligand chemistry (glycan type), size, shape,
ligand density and flexibility (Figure 1.7). These features collectively determine the
spatial presentation of glycans and therefore the strength of their interactions with
biological targets. This is especially useful when targeting lectins which have overlapping
monovalent glycan specificities, as varying their spatial arrangement can reintroduce
specificity for a certain lectin and therefore increase drug potency while limiting side
effects from binding to non-target lectins in the body. Despite significant progress,
however, the rational design of glyconanoaparticles remains a challenge, particularly in
optimising these interrelated parameters to achieve desired functional outcomes for
lectins with unknown structures.
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Figure 1.7 Schematic depicting the physiochemical parameters of glyconanoparticles
which can be modified from nanoparticle (A) to optimise binding with biological targets,
including; B) glycan density, C) core size, D) core shape, E) core material, F) ligand
flexibility and G) glycan type.

1.7 Methods to provide quantitative and qualitative data on
MLGIs

A fundamental starting point in using glyconanoparticles to study MLGIs is to measure
their binding affinity. Alongside this, binding parameters such as enthalpy and entropy
can be measured to help gain and understanding of what aspects of glycoconjugate
design a) are essential for a high binding affinity and b) can be modified to fine tune their
spatial/ orientational matches to give a greater affinity enhancement and produce MLGI
pairs with optimal properties for the desired application.

1.7.1 Fluorescence resonance and nano surface energy transfer

Numerous techniques have been developed to provide quantitative data on multivalent
glycoconjugates in the presence of their target lectin including surface plasmon
resonance (SPR) and isothermal titration calorimetry (ITC).(62, 116-118) Some
techniques also harness the unique physical properties of nanoparticles to do so. For
example, Zhou, Guo and co-workers have previously employed glycan-conjugated
quantum dots (glycan-QD) and glycan-conjugated gold nanoparticles (glycan-GNP) to
study the MLGIs of DC-SIGN.(115, 119, 120) Both of these methods exploit the optical
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characteristics of these materials to employ fluorescence spectroscopy techniques such
as Forster resonance energy transfer (FRET) and fluorescence quenching via the nano
surface energy transfer (NSET) to obtain accurate information on the binding affinity and
binding parameters of these MLGI pairs.

Quantum dots are semiconducting nanocrystals which exhibit bright and stable
fluorescence. As a result, they have been used to analyse binding interactions between
glycans and a fluorescently labelled protein via FRET. FRET is a powerful and widely
used technique to study the interaction and dynamics of binding pairs. It is the
phenomenon whereby the energy absorbed after exciting a fluorescent donor molecule
is transferred in a non-radiative process to an acceptor molecule. Two conditions must
be met for FRET to occur; the emission spectrum of the donor must overlap with the
absorption spectrum of the acceptor (Figure 1.8B) and the donor-acceptor pair must be
in close proximity (typically 1-20 nm). The efficiency of this energy transfer is highly
dependent on the distance between the donor and acceptor molecules making it an
excellent spectroscopic ruler to measure molecular distances. Using Equation 1.7 the
FRET efficiency, which describes the proportion of energy absorbed by the donor that is
transferred to the acceptor, can be quantified, where R is the distance between the donor
and the acceptor surface, and Ro is the Forster separation distance, at which Enser) =
50%. N is number of acceptors in FRET interaction with the same donor at identical
distance, and so in 1:1 binding it is assumed to be 1. This efficiency is known to vary with
the 6™ power of the distance between the donor-acceptor pair.(121)

1
Epgper = T . o 6
1 /(R Equation 1.7
1+7 (%) a

Quantum dots coated in glycans have been used to measure the binding affinity to
fluorescently labelled DC-SIGN via a QD sensitised dye FRET readout. Since unbound
species are likely to be too far away to participate in FRET, they produce no background
signal, circumventing the need for separation of bound and unbound species before
measurement (Figure 1.8A). QDs also have a board absorption and narrow emission
profile, allowing for a wide choice of absorption wavelengths to minimise direct excitation
of the acceptor dye to reduce background. A typical spectrum will show the donor (QD)
emission (De) decreasing and the acceptor (protein) emission (Ae) increasing with
concentration (Figure 1.8C). Given a constant donor-acceptor separation distance, the
ratio Ae/De (defined as the FRET ratio) is proportional to the number of bound proteins,
allowing for the direct measurement of the proportion of bound protein under constant
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QD: protein ratio. By comparing the proportion of bound protein to the concentration, a
Hill plot can be constructed to measure the Ky (Figure 1.8D). (122)
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Figure 1.8 Diagram depicting examples for A) the FRET process between an excited
QD-glycan and dye labelled DC-SIGN. B) The overlap between the emmision spectrum
for a donor fluorophore (QD, De) and the absorption spectrum for the acceptor
fluorophore (dye-labelled protein, Aa). The donor adsorption (Da) and acceptor
emmission (Ae) are also shown. Overlap between De and Aa is required for efficient
energy trasnfer, overlap between Daand Aa should be kept to a minimum to avoid direct
excitation of the acceptor. C) The fluorescence spectrum of a FRET pair which inceases
in trasnfer as concentration increases (De descreses and Ae increases). D) The change
in FRET ratio (Ae/De) with concentration, showing the maximum FRET ratio (Fmax) and
the dissociation constant (Ky).

Gold nanoparticles can also be involved in a non-radiative energy transfer process.
However, since GNPs > 2 nm do not display fluorescence, they cannot be used in exactly
the same way as quantum dots to measure binding. Instead, GNPs > 2 nm can absorb
the energy from a donor fluorophore through NSET. NSET is a fluorescence-based
technique which involves the transfer of energy from a fluorescent donor molecule to a
metal nano surface via the resonance of its surface conduction electrons, resulting in
quenching of the donor’s fluorescence emission (Figure 1.9A). NSET quenching is also
highly distance dependent, but relies on the 4™ power of the donor-acceptor distance,
leading to a greater effective distance range of up to 50 nm which makes it more sensitive
than FRET in certain applications and enabling the study of larger complexes (Equation
1.8).(123) GNPs also convey an advantage to using QDs in that they are biocompatible
and can be used in cellular and in vivo studies without introducing the toxicity of

QDs.(124) They are also much simpler to produce.(125)
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Enser = % .
1+ (R_o) Equation 1.8

While spectral overlap can enhance quenching via NSET, it is not strictly necessary and
instead the distance between the donor and the acceptor plays the most critical
role.(126-128) Upon exciting the fluorescently labelled protein and mixing it with GNP-
glycans, any bound GNP-glycans (e.g. those within 50 nm) will non-radiatively quench
the dye’s fluorescence through electromagnetic coupling to the gold surface plasmons,
resulting in a reduction in the intensity of the donors fluorescence emission (Figure 1.9B).
GNPs can quench a wide range of fluorophores when in close proximity, and quenching
decays with distance, making this a valuable method for measuring binding partner
distances.(129) Assuming that any bound proteins are quenched, and control
measurements of the lectin only are carried out under identical conditions as that of the
glycan-GNP + lectin samples, then the quenching efficiency (QE) (calculated by
Equation 1.9, where IF is the integrated fluorescence of the protein control and IF is the
integrated fluorescence of the protein+tGNP sample) provides a readout strategy for
measuring binding. This is carried out by plotting the QE over a concentration range and
fitting the data using the Hill binding model to extract the binding affinity (Figure 1.9C).

IF,
QE(%) = IR, x 100 Equation 1.9
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Figure 1.9 Diagram depicting examples for A) the NSET process between an excited
dye labelled DC-SIGN and a GNP-glycan. B) The fluorescence emmission of the lectin
donor (De) is quenched when bound to a GNP C) Example quenching efficiency vs
concentration, showing the maximum quenching efficiency (QEmax) and the dissociation
constant (Kg).

Glycosylated quantum dots, coated with mannose-(1,2)-a-mannose (dimannose) linked
through a lipoic acid anchor containing either a 3 or 11 ethylene glycol units (QD-EG,-
dimannose), were used to quantitatively asses MLGIs with fluorescently labelled DC-
SIGN using a QD-FRET readout.(119) In this experiment, the extracellular domain of
DC-SIGN was site-specifically labelled through a cysteine site mutation, introduced near
to but not in the glycan binding pocket of the CRD. This mutation was strategically placed
close enough to enable efficient energy transfer to the bound-glycan coated nanoparticle
while being a site nonessential for ligand binding. Since all other cysteine residues are
tied up in disulfide bonds, this cysteine mutation allowed for selective labelling with a
maleidimide-atto594 dye, which has good spectral overlap with these QDs, allowing for
efficient FRET. QD-EGs-dimannose demonstrated strong binding to DC-SIGN-atto594,
with a Ky of 0.61 nM. This binding between DC-SIGN and QD-EGs-dimannose displayed
a great affinity enhancement factor, B, of approximately 1.5 x 10° compared to the
monovalent interaction between dimannose with a single DC-SIGN CRD (Kq = 0.9
mM).(77) This remarkable increase in affinity demonstrates the power of multivalency in
biology, where the simultaneous engagement of multiple weak interactions can produce
particularly strong overall binding. Increasing the flexible linker from 3 to 11 EG units
maintained strong multivalent enhancement, although this was >3-fold lower than that of
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the EG3 unit. This diminished binding is presumably due to the longer linker, which
introduces additional conformational degrees of freedom. Upon binding, these must be
restricted which results in a higher entropic penalty relative to the less flexible EGa.

As well as measuring the apparent Ky, these FRET and NSET assays have been utilised
to look at thermodynamic parameters such as changes in enthalpy, entropy and Gibbs
free energy, to explain the discrepancies in the Kgs, although so far this has only been
employed to look at binding differences observed between different size gold
nanoparticles bearing the same linker/glycan, and not the effects of linker length.(130,
131) By conducting binding experiments at varying temperatures, then employing the
van 't Hoff equation which relates the equilibrium binding constant to temperature, values
for binding enthalpy and entropy changes can be measured. A van 't Hoff plot, which
plots In(Ky) vs. 1/T, is used to extract AH and AS from the slope and intercept,
respectively. This approach enables the discrimination between binding differences
driven by enthalpic factors such as spatial matches and those arising from entropic
contributions including reduced conformational freedom.

Through this analysis, a deeper insight into how glyconanoparticle size affects the
thermodynamic driving forces behind variations in binding affinity of MLGIs can be
achieved. In this specific experiment employing GNPs of different core size, all GNP
sizes displayed negative AS, however, the absolute negative values of AS were reduced
as GNP scaffold size increased, implying that the unfavourable entropy changes upon
GNP-glycan-DC-SIGN binding were reduced with the increasing GNP size (Table 1.1).
This has been attributed to larger scaffolds having a higher proportion of unbound
surface ligands which may have largely retained their conformational and rotational
degrees of freedom upon binding. The lesser entropic penalty together with similar
favourable binding AH can explain the stronger binding (lower apparent Ky) for larger
GNP sizes bearing the same glycan.

Table 1.1 Summary of parameters for the binding of DC-SIGN with different size Gx-
dimannose.(130)

Gx- Apparent Ky | AH® (kd mol™) | AS? (J mol™ K') | AG® (kJ mol™)
dimannose | (nM)

G5- 58+0.3 -132 £ 32 -288 £ 105 -47 £ 44

G13- 1.00+£0.03 -111+10 -207 £ 33 -50 £ 14

G27- 0.22+£0.03 -100 + 14 -138 + 46 -59 £ 19
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Apart from studying the effects of varying linker length and scaffold size, this GNP-NSET
approach has also been employed to investigate how NP surface coverage and inter-
glycan distance influence DC-SIGN binding. In one experiment, the GNP-NSET readout
was used to compare the effects of using of glycan monomers (GNP-EG.-dimannose)
vs timers (GNP-(EG2-dimmanose)s) on apparent binding affinity, which found that trimers
induced negligible multivalent enhancement in MLGls with DC-SIGN compared to the
monomers (Kq = 3.6 vs 3.9 nM).(115) A second explored the apparent binding affinities
of gold nanoparticles with different glycan surface coverages, by introducing an inert
spacer ligand to dilute the concentration of the glycan on the surface. Using a pseudo
dimannose glycomimetic and glycan surface coverages of 100%, 75%, 50%, and 25%
for a 5 nm GNP it was observed that apparent binding affinity became weaker with
decreasing surface glycan concentration (0.22, 0.68, 1.38 and 2.74 nM, respectively).
Lower surface coverages of 12.5% and 6.3% showed no MLGI enhancement, with their
quenching efficiencies falling below a measurable threshold.(131)

These data indicate that under conditions of high glycan density and short inter-glycan
distances, even monomer-coated surfaces are already high enough density to engage
all four CRDs in the tetrameric structure of DC-SIGN, leaving little room for additional
enhancement by multimeric binding through the addition of timers. On the other hand,
reducing glycan concentration below monomer saturation reduces apparent binding
affinity. This is likely due to the increased inter-glycan distances failing to align with the
geometry of DC-SIGNs four CRDs and therefore incurring enthalpic loss through binding
less than four CRDs. This highlights that the strongest MLGIs are only formed when all
four CRDs in DC-SIGN are engaged in binding. This has not been confirmed
experimentally but may be a worthwhile topic for future study

Taken together, these studies highlight how glycan density, linker length and NP scaffold
size collectively influence binding strength through both enthalpic and entropic
contributions. The combined QD-FRET and GNP-NSET assays have been
indispensable in probing apparent binding affinities and are increasingly being used to
dissect the underlying thermodynamic factors that govern MLGls.

1.7.2 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is another valuable method for measuring the
thermodynamic parameters (AH, AS, AG, Ka, and stoichiometry) of binding partners in
solution. It has long and widely been used as the gold standard for characterising
molecular interactions between ligands and macromolecules.(132, 133) The ITC
machine encompasses three fundamental pieces, 1: a reference cell containing buffer
or solvent to normalise the enthalpy change during the experiment 2: a sample cell and
3: and injection syringe. During the experiment, a series of small aliquots (usually the
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ligand) is titrated from the injection syringe into the sample cell containing the protein,
enzyme or other binding partner. Upon binding, a change in temperature occurs; either
an increase or decrease depending on whether the reaction is endothermic or
exothermic, respectively. To maintain a constant temperature difference between the
reference and sample cell, the isothermal titration calorimeter applies or reduces power
and this change in power to maintain temperature is the instrument signal. The first
injections causes large temperature changes and as binding saturation is reached, AT is
reduced with each injection (Figure 1.10A). An ITC curve is generated by plotting the
integral of the peaks generated by the required power against the mole ratio at each
injection, which directly provides enthalpy AH, the binding stoichiometry N, and the
association constant K, (Figure 1.10B). Another important parameter in ITC is the
Wiseman value ‘c’. It is calculated via Equation 1.10, where n=number of binding sites
and [M] is the concentration of the molecule in the ITC cell.(134)

¢ =n.K,. [M] Equation 1.10

C is used to evaluate the suitability of an experiment for accurately determining binding
thermodynamics. A value of 10<c<500 gives rise to the classic sigmoidal curve where
all thermodynamic parameters can be reliably extracted. Ideally, if an expected K is
known, then adjusting the protein concentration so that c falls within optimal range
(estimated using Equation 1.10) ensures maximum data quality from an ITC experiment.

i d .

Enthalpy: AH

Power
kJ mol?

Stoichiometry: N

Time —— Molar Ratio ——

Figure 1.10 Example of A) an ITC thermogram where each peak represents the heat
released or absorbed with each injection and B) an ITC titration curve. AH, Ka and N
are obtained directly from the ITC titration curve.

ITC has traditionally been regarded as most suitable for studying high-affinity
interactions, where the Wiseman parameter falls within the optimal range of
approximately 10-500. It is widely assumed that when c¢ values fall below 10, ITC
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becomes ineffective for reliable thermodynamic analysis due to the appearance of a
‘featureless flat line’ in the binding isotherm, making fitting difficult.(135-138) As a result
ITC has historically been considered unsuitable for investigating low-affinity systems.

However evidence now challenges this assumption and demonstrates that ITC can
indeed be effectively applied to biologically relevant low-affinity interactions, such as
those commonly observed in PCI systems.(139) For ITC to vyield accurate
thermodynamic data under low c conditions, specific requirements must be met,
including a sufficiently broad binding isotherm and a known binding stoichiometry, to
avoid over-parameterisation during curve fitting. Precise concentrations of both ligand
and receptor must be used and a low signal to noise ratio is also necessary. Under these
conditions, reliable estimates of the binding constant and the corresponding Gibbs free
energy can be obtained.(139) However, AH is still susceptible to error under these
conditions and moreover, ITC can suffer from the formation of aggregates during the
titration and has limitations in accurately observing and interpreting more complex
interactions such as cross-linking, which is not uncommonly observed in MLGIs.(140)
Aggregation and cross-linking result in misleading data which hinders the extraction of
correct thermodynamic parameters.(141)

Nevertheless, ITC has been used regularly to evaluate the binding affinity and
thermodynamics of lectin-glycan-NP interactions.(142-147) ITC has also been used to
confirm the thermodynamic contributions measured by the GNP-NSET readout
discussed in Section 1.7.1. The enthalpy changes associated with binding of DC-SIGN
with glycan coated 5 nm GNPs (G5) and 13 nm GNPs (G13) measured by NSET with
van 't Hoff analysis, were compared to those measured by ITC, showing good
consistency (-96.4 + 2.6 vs -92.8 + 1.6 kJ mol™ for G5 and -93.0 + 3.2 vs -99.9 + 1.7 kJ
mol™ for G13).(131) This confirms the use of NSET as a valuable and accurate technique
for measuring the thermodynamic contributions to binding affinities.

1.7.3 Dynamic light scattering and electron microscopy.

Dynamic light scattering (DLS) and electron microscopy (EM) offer alternative but
complimentary ways to probe key behaviours of MLGls. They have been used to detect
proteins and confirm agglomeration, as well as provide information such as binding
mode, protein organisation and binding affinity.(115, 148-152) These techniques can
provide valuable insights into structural and organisational characteristics of the target

lectin.

DLS measures the hydrodynamic diameter of a species in solution by analysing
fluctuations in the intensity of light scattered at a fixed angle. These fluctuations arise
due to Brownian motion, which states that smaller particles move faster, while larger
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ones move more slowly in a liquid. As a result the frequency shifts in the scattered light
are related to the size of the particle.(153) EM, on the other hand, provides high
resolution visualisation of NPs, due to the strong absorption of electrons, allowing for
direct observation of clustering. DLS in particular has advantages in terms of it being a
non-destructive, label-free technique requiring only a small amount of sample with little
preparation and is usually relatively quick to perform. Nanoparticle EM is also label free
and requires small quantities of sample, but can involve a more complex set-up for

imaging, requiring a slightly longer timeframe.

Both of these techniques have been used to monitor lectin binding to a range of
glycosylated inorganic nanoparticles, for purposes of looking at both binding mode and
binding affinity. Example systems which involve using DLS and transmission(T)EM to
measure binding affinity include mannose coated silica particles (Man-SNP) binding to
concanavalin A (ConA), and galactose (Gal)-SNPs binding to Ricinus Communis
Agglutinin (RCA). In these experiments, Man-SNPs or Gal-SNPs were treated with
various concentrations of ConA and RCA respectively and their size was measured by
DLS and TEM. The results were consistent between the two techniques, showing an
increase in size with increasing lectin concentration. By fitting the concentration
dependant increase in size with a Hill binding model, K4 was obtained to be between
63 nM and 9200 nM for Man-SNP with ConA depending on particle size and ligand
density.(152, 154) Equally, binding affinity between Gal-SNP and RCA was found to be
220 nM.(154)

DLS and EM have also been used to look at qualitative data such as binding mode (e.g.
monolayer formation or cross-linking). Monolayer species have uniform hydrodynamic
diameters additive of the NP and protein sizes, and can be well fitted by a single
Gaussian distribution, with randomly distributed but relatively large nearest neighbour
distances (NNDs). On TEM, they show up as single isolated particles. On the other hand,
cross-linked species have much larger hydrodynamic sizes than monolayer species as
measured by DLS, and by TEM they show as large scale, closely packed NPs with small
and narrowly distributed NNDs.(119, 151)

Binding mode can provide information on CRD orientations which in turn can sometimes
offer explanations into discrepancies observed in binding affinities. For example, DLS
and TEM have been used to indicate that the strong binding affinity (Ks = ~3.6 nM)
observed between GNP-EGz-dimannose and DC-SIGN is due to the multivalent
engagement of all four CRDs to form a monolayer protein coating around a single GNP.
In this experiment the measured hydrodynamic diameter of the resulting complex was
~40 nm, corresponding to the formation of a single monolayer of DC-SIGN uniformly
coating the GNP-glycan surface.(115) This observation supports the notion that all four
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CRDs of DC-SIGN are oriented upwards towards the GNP surface, enabling full
multivalent engagement of the four CRDs by just one GNP, facilitating a large multivalent

enhancement.

If fewer CRDs were engaged in binding to one glycan-GNP, then it is likely that cross-
linking would occur, as a second GNP-glycan would bind the remaining, unoccupied
CRDs (Figure 1.11). This was observed to be the case for DC-SIGNR, a closely related
protein to DC-SIGN. When repeating this experiment with DC-SIGNR, which shows 77 %
amino acid homology to DC-SIGN, a larger species was present, up to ~2000 nm in
hydrodynamic diameter.(115) This size greatly exceeds what would be expected from a
protein monolayer coated single glycan-GNP particles and is strongly indicative of the
occurrence of a cross-linking network. Because cross-linking can only occur if fewer than
4 CRDs are engaged in binding to any single glycan-GNP, this DLS result has been used
to suggest that DC-SIGNR exhibits a different CRD orientation, with its CRDs projecting
outwards rather than upwards, making binding of one GNP-glycan (especially with
shorter, more rigid EG: linkers) to all four CRDs difficult .This has been used to validate
that that the weaker binding affinity exhibited by DC-SIGNR with GNP-EG2-dimannose
(K¢ = 152 nM) is due to a lesser multivalent enhancement observed when one GNP-
glycan fails to engage all four CRDs, instead favouring cross-linking. These results were
confirmed by TEM, where GNP-EG2-dimannose and DC-SIGN showed single isolated
particles with randomly distributed NNDs, whereas binding of DC-SIGNR to GNP-EG-
dimannose produced large scale, closely packed GNP assemblies, hundreds of nm
across with much smaller NNDs.

Figure 1.11 DC-SIGN binding to one GNP through all four of its CRDs vs a cross-
linking binding mode for DC-SIGNR, where multiple GNPs bind to one DC-SIGNR
tetramer.
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1.8 Summary and research aims

In summary, C-type lectins, in particular DC-SIGN, play a key role in pathogen
recognition through specific interactions with glycan containing PAMPs. Understanding
these interactions at the molecular level is crucial for advancing both insight into
fundamental immunology and the development of targeted therapeutic strategies.
Advances in nanotechnology has enabled the presentation of glycans on well-defined
nanoscale scaffold, such as QDs and GNPs, allowing for control over parameters such
as core size, glycan density and linker flexibility/length. Several biophysical methods and
techniques such as FRET, NSET, ITC as well as DLS and EM have been used to provide
insights into multivalent lectin-glycan binding mechanisms, affinities, spatial orientations
and spatial constraints.

Despite these advances, gaps in the knowledge of the structural characteristics and
binding mechanisms of many multimeric membrane bound lectins remain incompletely
understood, requiring further methods for elucidation. As discussed, GNP-glycans have
proven to be a valuable tool to measure binding affinity and thermodynamic contributions
to binding, and have further been used to evaluate and explain discrepancies in the
binding modes and affinities of two closely related proteins (DC-SIGN and DC-SIGNR).
The first half of this thesis built upon this knowledge and evaluated the following;

1. The synthesis and characterisation of glycosylated GNPs with varied size,
surface glycan type, surface glycan density, and linker flexibility and the impact
these parameters had on the DC-SIGN binding modes, measured by DLS
(Chapter 3). These studies provided information on DC-SIGN CRD orientation
and spatial arrangement during binding. It also provided insight into the number
of CRDs bound, e.g. a cross-linking binding mode indicated <4 CRDs per DC-
SIGN tetramer bound to one single glycan-GNP, but not the exact number.

2. Chapter 4 explored the thermodynamic contributions of GNP-glycans with these
varying structural parameters on DC-SIGN binding, measured through
temperature dependent affinity studies via NSET readout. Employing the
temperature dependent Kgs into a van 't Hoff analysis revealed the number of
CRDs involved in binding and which features of GNPs contributed to enhanced
binding affinities. It also provided a rational to the binding modes observed in
Chapter 3, by linking the size of the GNP-DC-SIGN complex to the number of
CRDs bound. This was complimented by ITC studies to confirm that NSET is an
accurate and valuable tool for the elucidation of the thermodynamic contributions
of these GNP-glycans.
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3. Finally, Chapter 4 also assed the use of GNP-glycans in a viral inhibition study
and how the structural features and binding modes observed in solution can be
applied to solid phase experiments.

Together these approaches provided a more comprehensive understanding of how
nanoparticle design influences DC-SIGN recognition with potential implications for the
design of antiviral therapeutics.

Part B of this thesis shifts focus to DC-SIGN binding and signalling in context of immune
modulation, specifically related to a group of diseases termed the seronegative
spondyloarthropathies. These chapters explored how GNP-glycans can be employed as
bacterial and fungal adjuvants to modulate cytokine production through DC-SIGN. A
discussion of the current literature can be found in Chapter 5, with an exploration of DC-
SIGN mediated immune modulation in Chapter 7. Finally, the development of an affinity
pull-down assay to reveal which GNP-glycan binding lectins on the DC surface, besides
DC-SIGN, might also be involved to influence immune modulation was assessed in
Chapter 8.
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Chapter 2 — Materials and methods

2.1 Materials

D-mannose was purchased from Carbosynth, L-fucose, triphenyl phosphine, sodium
azide, tetra-n-butylammonium iodide(TBAI), N,N'-Dicyclohexylcarbodiimide(DCC),
Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine (TBTA), Gold(lll) chloride trihydrate
and phenol were purchased from Alfar Aesar. Carbon tetrabromide, acetic anhydride,
pyridine, sodium methoxide, sodium ascorbate, guanidine HCI, triton-X 100, Silica 60A,
copper sulfate, dimethylformamide, chloroform d4, and tri sodium citrate were purchased
from Sigma Aldrich. DL-Lipioc acid, and triethylamine were purchased from Acros
Organics. 4-Dimethylaminopyridine (DMAP) and 2-[2-(2-Chloroethoxy)ethoxy]ethanol
were purchased from Fluorochem. Sodium citrate, sodium hydroxide, HEPES, calcium
chloride, sodium chloride, EDTA, HCI, H,SO4, BSA, methanol, DCM, THF, petroleum
ether, hexane, acetonitrile, ethanol, amberlight® IR-120 (H*), Tween20, Tris base and
HNO; were purchased from Fisher Scientific. f-mercaptoethanol was purchased from
Bio-Rad. BSA was purchased form BioServ UK. Maleimide-Atto-643 was purchased
from ATTO-TEC. PEG linkers (H2N-EG12-CCH, H2N-EGg-CCH, H2N-EGe-CCH, H2N-
EG,-CCH) were purchased from PurePEG. Dry solvents were obtained using an
Innovative Technology Inc. PureSolv® solvent purification system. Ultrapure water
(resistance >18.2 MQ cm) was purified by an ELGA Purelab classic UVF system and
was used for all experiments and making buffers.

N3-EGz-dimannose and LA-EG>-CCH were synthesised in-house by Dr Darshita
Budhadev using previously established protocols. MS: calculated m/z for C1gH37N4O13
(N3-EG2-dimannose) [M+NH4]* 517.24, found 517.24; calculated m/z for C1sH2sNO3S2Na
(LA-EG,-CCH) [M+Na]+ 354.12, found 354.12. (115, 119)

Common buffers included: Loading buffer (25 mM Tris, 1.25 M NaCl, 25 mM CaCl2, pH
7.8); HEPES binding buffer (20 mM HEPES, 100 mM, NaCl, 10 mM CaCl2, pH 7.8);
elution buffer (20 mM HEPES, 100 mM NaCl, 2.5 mM EDTA, pH 7.8); binding buffer for
dye labelling (20 mM HEPES, 100 mM NaCl, 10 mM CaCl2, pH 7.2); and elution buffer
for dye labelling (20 mM HEPES, 100 mM NaCl, 2.5 mM EDTA, pH 7.2); tris buffer (10
mM tris base, pH 7.8); dialysis buffer (1.25 M NaCl, 25 mM tris pH 7.8, 25 mM CaCly).
ITC buffer (100 mM NaCl, 20 mM tris pH 7.8, 2 mM CaCl,).

2.2 General instrumentation and computation

All moisture-sensitive reactions were performed under nitrogen atmosphere using oven-
dried glassware. Evaporations were performed under reduced pressure on a Buchi
Rotavapor R-300. Concentration or washing was performed in Amicon ultra-S2
centrifugal filter tubes or Sartorius Stedim Lab vivaspin 500 with a molecular weight cut
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off (MWCO) of 10,000 or 30,000 Da. Dialysis was performed using Thermofischer
Scientific 14,000 MWCO BioDesign Dialysis Tubing. Flash column chromatography
(FCC) was carried out by pre-absorption of the crude material onto silica gel 60A (Merk)
or dissolving in the minimum volume of an appropriate eluent and loading on top.
Solvents for FCC and TLC are listed in volume:volume percentages. Centrifugation was
performed using either a Hettich Universal 320/320R, a Thermo Scientific Heraeus
Fresco 17 or a Beckman Coulter Avanti JXN-30 centrifuge, depending on the speed and
volume, at room temperature (r.t) unless otherwise stated. Lyophilisation was performed
using a Virtis Benchtop K freeze dryer.

'"H NMR spectra were measured at 25° C on a 500 or 400 MHz Bruker spectrometers
using D-O, Methanol-d4 or Chloroform-d with the residual solvent as the internal
standard at room temperature. Chemical shifts are given in parts per million relative to
TMS and the coupling constants (J) are given in Hertz. High resolution mass spectra
(HR-MS) were obtained on a Bruker Impact QqTOF Il mass spectrometer and m/z values
are reported in Daltons to four decimal places. Liquid chromatography mass
spectrometry (LC-MS) was used to analyse all other samples and was performed using
a Bruker AmaZon speed mass spectrometer and are quoted to two decimal places. UV-
Vis absorption spectra were recorded on a Varian Cary 50 bio UV-Visible
Spectrophotometer over 200-800 nm using 1 mL quartz cuvette with an optical path
length of 1 cm or on a Nanodrop 2000 spectrophotometer (Thermo scientific) over the
range of 200-800nm using 1 drop of the solution with an optical path length of 1 mm. The
hydrodynamic diameters were recorded on a Malvern ZETASizer-Nano using disposable
polystyrene cuvettes. All fluorescence spectra were recorded on a Cary Eclipse
Fluorescence Spectrophotometer using a 0.70 mL quartz cuvette. All numerical data
were analysed and plotted using Origin 2019b or Graphpad Prism10 software.

2.3 Production and characterisation of proteins

Plasmids encoding for the wild type amino acid identity of DC-SIGN were made in-house
(provided by Yuan Guo). For labelled protein, cysteine was introduced into the cDNA
encoding the extracellular segment of DC-SIGN to replace residue Q274 for site specific
dye labelling. The mutagenesis was carried out by using synthetic DNA restriction
fragments to replace the corresponding wild-type sequences.(155) Standard
recombinant DNA techniques were used throughout these experiments.

2.3.1 Wild type DC-SIGN (DC020)

100 mL of sterilised LB medium (25 g/L of dH20) containing ampicillin (50 mg/L) was
inoculated with a flake of pre-prepared ampicillin resistant E. coli (BL21/DE3) glycerol
stock containing the plasmid coding for the desired protein and incubated for 16 hours
at 37 °C with shaking (200rpm). The resulting start culture (30-40 mL) was added to 1 L
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of sterilised LB medium (25 g/L dH20) containing ampicillin (50 mg/L) and incubation at
37 °C, 200 rpm continued until an optical density at 550nm (ODss0) of 0.7 was reached
(2-3 hrs). IPTG (1 mL, 100 mg/mL dH20) was added was added and incubation (37 °C,
200 rpm) continued for a further 150 minutes. Cells were then harvested by centrifugation
at 5000 rpm, 4 °C for 10 minutes. The supernatant was discarded and the pellet
resuspended in 400 mL Tris (10 mM Tris, pH 7.8), then centrifuged at 8000 rpm, 4 °C for
10 minutes. The supernatant was discarded and the pellet collected and stored at -80 °C
until further use.

For 4 L of growth culture: The pellet was defrosted in 25 mL Tris buffer (10 mM Tris, pH
7.8) and sonicated 6 times with 2 minute burst (50% cycle and 60% power, keeping on
ice for 1 min between rounds). The volume was increased to 100 mL with cold Tris buffer
(10 mM Tris, pH 7.8) and the cells subjected to 4 further rounds of sonication (2 minute
bursts, 50% cycle and 60% power, keeping on ice for 1 min between rounds). The
dispersed cells were then disrupted via two cycles through a cell disruptor at 23 kPsi.
The cells were then centrifuged at 10000 rpm at 4 °C for 15 minutes. The pellet was
suspended in 100 mL buffer (100 mM Tris pH 7.0) containing guanidine (6M) and
sonicated 2 times with 2 minute burst (50% cycle and 60% power) keeping on ice for 1
min between rounds. 40 pL of B-mercaptoethanol was added and further sonication
carried out (50 % cycle, 60 % power, 2 cycles of 2 min sonication and 1 min on ice
followed by 2 min sonication and 30 min on ice). The resulting solution was centrifuged
at 20000 rpm, 4 °C for 30 minutes then poured into 300 mL Tris loading/dialysis buffer
(1.25M NaCl, 25mM Tris pH7.8, 25mM CacCl.) with gentle stirring and dialysed against
3L of the same buffer for around 45 hours where the buffer was changed 3 times. The
dialysed material was recovered and centrifuged at 20000 rpm, 4 °C for 30 minutes.

A 4 mL mannose-sepharose affinity column was prepared, equilibrated with 30 mL Tris
loading buffer (1.25 M NaCl, 25 mM Tris pH 7.8, 25 mM CaCl,;) and the protein
supernatant was loaded onto the column. For wild type DC020, the column was washed
with 20 mL HEPES washing buffer (20 mM HEPES, 100 mM NacCl, 10 mM CaClz, pH
7.8) before elution with 20 mL HEPES elution buffer (20 mM HEPES, 100 mM NacCl, 2.5
mM EDTA, pH 7.8). 15 x 1.5 mL fractions were collected and CaCl, (pH 7.4) was then
added to the eluted fractions to a final concentration of 10 mM. The protein concentration
of each fraction was obtained by UV-Vis spectroscopy applying the Beer Lambert law
(Equation 2.1, where AA is the absorbance a specific wavelength A, ¢ is the
concentration, ¢ is the extinction coefficient of protein at A, and [ is the sample path
length), for absorbance at 280 nm (Azs0) where eDC-SIGN = 70400 M"-cm™. Fractions
containing protein were combined and concentrated to a desired concentration by
centrifugation at 4000 rpm, 4 °C using Amicon ultra-S2centrifugal filter tubes with a
MWCO of 10 kDa. Protein was flash frozen and stored at -80 °C.
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Al = ecl Equation 2.1

The protein molecular weight was confirmed from deconvolved HRMS where the value
obtained represents one of the monomeric units corresponding to the tetrameric protein.
The hydrodynamic size (D») of the tetramer was confirmed by DLS analysis.

DC-SIGN: HRMS calculated: 39197.22, found: 39201.53. DLS Dn: 14.0 + 2.0 nm

A) DC-SIGN B)
© DC-SIGN
39201.5332
354
30+ D, =14.0+2.0nm
| 25 1 R? =0.994

1 1I0 1(IJO 10100
Hydrodynamic Size (nm)

Figure 2.1 A) Deconvolved HRMS spectrum of the monomeric extracellular domain of
DC-SIGN (wild type; WT, DC020), B) Volume population hydrodynamic size distribution
histogram fitted with lognormal Gaussian distribution for the extracellular domain of DC-
SIGN (WT, DCO020).

2.3.2 Labelled DC-SIGN (DC020Q274C)

Labelled DC-SIGN (DC020Q274C) was produced from pre-prepared ampicillin-resistant
E. coli glycerol stocks containing the plasmid coding for the desired protein, as described
in Section 2.3.1. During mannose-sepharose purification the column was washed with
20 mL HEPES washing labelling buffer (20 mM HEPES, 100 mM NaCl, 10 mM CacCly,
pH 7.2) before elution with 20 mL HEPES elution labelling buffer (20 mM HEPES, 100
mM NaCl, 2.5 mM EDTA, pH 7.2). 15 x 1.5 mL fractions were collected and CaCl, (pH
7.4) was then added to the eluted fractions to a final concentration of 25 mM. Fractions
containing protein (determined by Azgo using UV-Vis spectrometry) were combined and
concentrated using Amicon ultra-S2 centrifugal filter tubes with a MWCO of 10,000 Da
to a final Az of > 0.6. Maleimide atto-643 was then added at a protein: dye ratio of 1:
1.5 and mixed immediately by vortex, followed by 2 hours on a rotary mixer at r.t in the
dark, then kept at 4 °C overnight in the fridge.

A 4 mL mannose-sepharose affinity column was prepared, pre-equilibrated with HEPES
washing buffer (20 mM HEPES pH7 .8, 100 mM NaCl, 10mM CacCl,) and the labelled
protein loaded on top. The column was washed with HEPES washing buffer (20 mM
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HEPES, 100 mM NaCl, 10 mM CaCl,, pH 7.8) until the excess dye was removed. The
protein was eluted with HEPES eluting buffer (20 mM HEPES, 100 mM NaCl, 2.5 mM
EDTA, pH 7.2) and CaCl; (pH 7.4) was then added to the collected fractions to a final
concentration of 10 mM. The concentration was determined by UV-Vis spectrometry
applying a modified Beer Lambert law (Equation 2.2 where AA is the absorbance a
specific wavelength A, [P] is the protein concentration, ¢ is the extinction coefficient of
protein at A, and [ is the sample path length) to account for the atto-643 absorption.

[P] = Azgo — (Aga3 X 0.04)

e x1 Equation 2.2
_ Aga3
[D]= 1.5 x 105 Equation 2.3

Protein molecular weights (MW) were confirmed from HRMS data, where calculated
protein MW values were obtained from the amino acid sequences of one monomeric unit
of the corresponding protein and LE was obtained from the ratio of the labelled protein
to unlabelled protein peak areas. Alternatively, LE was obtained by the [P]/[D] ratio, were
[D] is calculated using Equation 2.3.

DC020Q274C HRMS calculated: 39172.22, found: 39254.47.

D020Q274C-atto634: HRMS calculated: 40100.22, found: 40136.36. Dn: 14.4 £ 2.6 nm,
LE: 82.3%.

A) DC-SIGN-atto643 B)
40136.3612 DC-SIGN-atto643
304
254
—~ D,=14.4+26nm
ey R? = 0.986
39254.4651 | §1s-
‘ 10
| 54
|
g b o s 0

T T !
1 10 100 1000
Hydrodynamic size (nm)

Figure 2.2 A) Deconvolved HRMS spectrum of the monomeric extracellular domain of
DC-SIGN-atto643 (DC020Q274C-atto643), B) Volume population hydrodynamic size
distribution histogram fitted with lognormal Gaussian distribution for the extracellular
domain of DC-SIGN-atto643 (DC020Q274C-atto643).
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2.4 Ligand and gold nanoparticle preparation

2.41 Ligand synthesis

8-Azido-3,6-dioxaoctyl-2,3.4-tri-O-acetyl-a-L-fucopyranoside (3)
(e}
o a s O/\é/ %M
OH
WEH PPh, CBray, Ao, @QZBA%O% — Q7 oAc
T HOt4-Cl Ghc OAc
2

y
HO A 65 °C AcO
1 3

L-Fucose (1.0 g, 6.08 mmol) 2-[2-(2-chloroethoxy)ethoxy]ethanol (4.4 mL, 30.4 mmol),
PPhs (158 mg, 0.6 mmol) and CBrs (200 mg, 0.6 mmol) were placed in a 10-mL round-
bottom flask. The mixture was heated at 65°C for 4h. The reaction was then cooled to r.t
and loaded on a short silica gel column to remove the excess of acceptor (EtOAc, then
EtOAc:MeOH = 10:1). The crude fucoside was subjected to acetylation with Ac2O (10
mL) and pyridine (10 mL). The reaction was stirred at RT overnight then concentrated in
vacuo and rediluted with EtOAc (80 mL). The organic layer was washed with H,O (40
mL), 1M HCI (40 mL), saturated NaHCO3 (40 mL) and brine (40 mL). The organic layer
was dried over Na;SOq, filtered and concentrated in vacuo. The crude mixture (1.5 g,
3.41 mmol) was then subjected to azidation by adding NaNs (1.11 g, 17.0 mmol), nBusNI
(125 mg, 0.34 mmol) and DMF (12 mL) and stirring at 65 °C overnight. The reaction
mixture was concentrated in vacuo to remove the DMF then diluted with EtOAc (80 mL)
and washed with saturated NaHCO3; (40 mL) and the aqueous layer was extracted with
EtOAc (3 x 20 mL). The combined organic extracts were dried over Na>SOys, filtered and
concentrated in vacuo. The crude mixture was then purified by flash column
chromatography (silica, Petroleum ether:CHCIs:CH3:COCHs = 7:2:1.2) to afford the
desired a-fucoside (1.17 g, a/B = 69:31, 2.61 mmol, 43% overall yield after three synthetic
steps). Three separate fractions were collected from the column chromatography.

- fraction a: mass = 750 mg, a, 1.60 mmol, 26%.
- fraction b: mass = 178 mg, a/p = 50:50 mixture as determined from 'H NMR data.
- fraction c: mass = 238 mg, a/p = 28:72 mixture as determined from 'H NMR data.

'H NMR (501 MHz, CDCls) (a anomer) & 5.41 — 5.33 (m, 1H, H-2), 5.29 (dd, J = 3.4, 1.3
Hz, 1H, H-4), 5.14 — 5.07 (m, 2H, H-3, H-1), 4.22 (qd, J = 6.5, 1.3 Hz, 1H, H-5), 3.85 —
3.72 (m, 1H, -OCH>-), 3.70 — 3.60 (m, 9H, -OCH>-), 3.39 (t, J = 5.4 Hz, 2H, CH2N3), 2.15
(s, 3H, COCHs), 2.06 (s, 3H, COCHj3), 1.97 (s, 3H, COCHs), 1.13 (d, J = 6.6 Hz, 3H,
CHsz). ®C NMR (126 MHz, CDCl3) & 170.78(C=0), 170.58 (C=0), 170.20 (C=0),
96.38(C-1), 71.34(C-4), 70.89 (OCH2), 70.86(0OCH2), 70.38(OCH2), 70.24(OCH)
68.30(C-3), 68.15(C-2), 67.61(OCH;), 64.45(C-5) 50.80(CH2N3) 29.98(COCHs3),
20.85(COCHs3), 20.80(COCHs3), 15.97(C-6). MS: calcd m/z for C1gH2sN3010Na (M-H+Na)*
469.18; found 469.93
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8-Azido-3,6-dioxaoctyl-O-a-L-fucopyranoside (azido-fucose/fucoseN3) (4)

o} O
O/\é/ \a/z\,\b - O/\é/ \a;\Ns
aOMe
WOAC “Meoh > WOH
ACOOAc HOOH
3 4

To a solution of a-azido fucoside 3 (370 mg, 0.83 mmol) in MeOH was added NaOMe
and the reaction stirred at RT for 1h. The reaction was then neutralised with amberlist H*
resin, filtered and concentrated in vacuo. Purification by flash column chromatography
(silica, CH2Cl2:MeOH = 20:1 then 10:1) afforded the desired a-azido fucose (240 mg,
0.75 mmol 90 %) as a clear oil.

'H NMR (400 MHz, CDCls) 8 4.90 (d, J = 3.3 Hz, 1H, H-1), 4.00 (q, J = 6.6 Hz, 1H, H-5),
3.90 — 3.75 (m, 4H, H-2, H-3, H-4, -OCHy-), 3.71 — 3.62 (m, 9H, -OCH-), 3.40 (t, J = 5.2
Hz, 2H, CH,N3), 1.28 (d, J = 6.6 Hz, 3H, CHs)."*C NMR (101 MHz, CDCls) 5 99.15(C-1),
71.87, 7153, 70.80(0CH,), 70.63(OCH,), 70.33(OCH), 70.18(OCH.), 69.58,
67.64(0OCH,), 66.26(C-5), 50.80(CH.Ns), 16.37(C-6). HRMS: calculated m/z for
C12H2sN307Na (M+Na)* 344.1428; found 344.1420

General protocol for preparing LA-EG,-CCH linkers by amide coupling: A solution
of HoN-(EG).-CCH (1 eq), lipoic acid (1 eq) and DMAP (0.2 eq) in dry CH2Cl» (0.2 M)
was cooled to 0°C under an N2 atmosphere and stirred for 10 minutes. DCC (1.3 eq) in
CH.CI, was added dropwise and the reaction was stirred at 0°C for a further hour and
then left to gradually return to r.t and stirred for 24 hours. The reaction mixture was
filtered through celite and the solid washed with CHCIs. The combined filtrate and
washings were concentrated in vacuo and purification by flash column chromatography
(silica, CH2Cl>:MeOH = 20:1) afforded the desired products as a yellow oils.
Lipoamide-hexa(ethylene glycol)-propargyl (LA-EGe-CCH) (8b)

]

o)
X X
\\/{o + HoJ\m DCC \\/{o
\/%N"b s DMAP \/>E” 5
6b 7 s DCM 8b S—g

Yield: 1.57g, 3.09 mmol, 99%

'H NMR (400 MHz, CDCls) & 6.28 (s, 1H, NH), 4.20 (d, J = 2.4 Hz, 2H, CH,CCH), 3.72
—3.58 (m, 18H), 3.58 — 3.52 (m, 3H), 3.44 (td, J = 5.6, 4.4 Hz, 2H), 3.22 — 3.06 (m, 2H),
2.50 — 2.41 (m, 2H), 2.22 — 2.16 (m, 2H), 1.96 — 1.84 (m, 4H), 1.77 — 1.61 (m, 4H), 1.52
—1.39 (m, 2H). *C NMR (101 MHz, CDCls) & 172.94(C=0), 106.6(CCH), 74.69(CCH),
70.72, 70.56, 70.36, 70.11, 69.25, 58.55 (CH.CCH), 56.58(CH), 40.38, 39.31, 38.61,
36.47, 34.82, 29.08, 25.53. MS: calcd m/z for C2sHa2NO-S, (M+H)* 508.24; found 508.21.
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Lipoamide-dodeca(ethylene glycol)-propargyl (LA-EG4,-CCH) (8c)

)

R T va
12NHz ’ S-¢ DMAP \/E N

DCM S~g
6¢c 7 8c

Yield: 262 mg, 0.34 mmol, 40%

'H NMR (400 MHz, CDCls) 5 6.37 (s, 1H, NH), 4.19 (d, J = 2.4 Hz, 2H), 3.71 — 3.57 (m,
44H), 3.54 (dd, J = 5.6, 4.4 Hz, 3H), 3.43 (q, J = 4.4 Hz, 2H), 3.21 — 3.05 (m, 2H), 2.49
—2.40 (m, 2H), 2.22 — 2.16 (m, 2H), 1.90 (dq, J = 12.7, 7.0 Hz, 1H), 1.76 — 1.58 (m, 4H),
1.53 — 1.38 (m, 2H). *C NMR (101 MHz, CDCls) & 172.94(C=0), 79.67, 74.56(CCH),
70.57, 70.52, 70.41, 70.21, 69.92, 69.11, 58.40 (CH.CCH), 56.44(CH), 40.24, 39.22,
38.47,36.25, 34.67, 28.93, 25.41. MS: calcd m/z for CasHesNO13S, (M+H)* 772.39; found
772.62.

General protocol for preparing LA-glycan ligands via click chemistry: To a 1:1 (v:v)
THF: H.O solution (2.0-5.0 mL) containing the glycan (1.1 eq) and LA-conjugated linker
(1 eq), was added CuS04.5H,0 (0.036 eq), TBTA (0.063 eq) followed by sodium
ascorbate (0.135 eq) and the resulting solution was stirred at r.t. After 3h, TLC confirmed
the consumption of all starting materials. The solvent was evaporated and the crude
product was purified by size exclusion chromatography using Biogel P2 column and 20
mM ammonium formate solution as the eluent to afford the pure products.

(LA-EG>) a-L-fucopyranoside (LA-EG,-fucose) (10a)

0
CuSO, 5H,0 /\(\(o
ow SN LN \gwf OW KR
2N S~¢
“TBTA >
OH 4 THF:H,0

Yield: 9.2 mg, 0.014 mmol, 15%

'H NMR (400 MHz, D20O) & 8.41 (s, 1H, NH), 8.02 (s, 1H, triazole-H), 4.80 (d, J = 3.9 Hz,
1H, Fuc-H1), 4.62 (s, 2H), 4.57 (t, J = 5.1 Hz, 2H), 4.01 — 3.94 (m, 1H), 3.90 (t, J = 5.1
Hz, 2H), 3.81 — 3.48 (m, 19H), 3.30 (t, J = 5.4 Hz, 2H), 3.11 (qt, J =11.4, 6.4 Hz, 2H),
2.39 (dq, J =12.3, 6.1 Hz, 1H), 2.16 (t, J = 7.2 Hz, 2H), 1.88 (dd, J = 13.2, 6.7 Hz, 1H),
1.64 (dq, J=13.8, 7.3 Hz, 1H), 1.52 (hept, J=7.5, 6.8 Hz, 2H), 1.31 (p, J = 7.7 Hz, 2H),
1.12 (d, J = 6.8 Hz, 3H). *C NMR (101 MHz, D;0) & 176.68 (C=0), 125.44(CCH),
98.61(Fuc-C1), 71.80, 69.73, 69.66, 69.58, 69.52, 69.46, 69.02, 68.91, 68.79, 68.08,
66.82,66.59, 63.15, 56.57, 50.05, 40.27, 38.92, 38.15, 35.48, 33.76, 27.88, 25.07, 15.36.
HRMS: calcd m/z for C27H49N4010S2 (M+Na)* 675.2710; found 675.2707.
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(LA-EGg¢) a-L-fucopyranoside (LA-EGe-fucose) (10b)

o]
o CuS0,45H,0
(0] 4.9M2 (0] S /o)
O/\é/ \)2/\N3 * \/éo\/% Sodium Ascorbate O/\é/ \‘)Z/\Nm \/%NW
o Q7 on

E——
T on
OH

HO 4 8b

S—
TBTA s

THF:H,0 HoOH 10b

w
|

Yield: 28.3 mg, 0.034 mmol, 58%

"H NMR (400 MHz, D;0) 8 8.12 (s, 1H, triazole-H), 4.89 (d, J = 3.9 Hz, 1H, Fuc-H1), 4.72
(s, 2H), 4.66 (t, J = 5.0 Hz, 2H), 4.07 (g, J = 6.7 Hz, 1H), 4.00 (t, J = 5.0 Hz, 2H), 3.89 —
3.60 (m, 33H), 3.40 (t, J = 5.3 Hz, 2H), 3.22 (qt, J = 11.2, 6.4 Hz, 2H), 2.49 (dq, J = 12.0,
5.9 Hz, 1H), 2.27 (t, J = 7.2 Hz, 2H), 1.99 (dq, J = 13.5, 6.8 Hz, 1H), 1.76 (dq, J = 13.5,
7.2 Hz, 1H), 1.70 — 1.56 (m, 3H), 1.42 (p, J = 7.6 Hz, 2H), 1.21 (d, J = 6.5 Hz, 3H). 3C
NMR (101 MHz, D;0) & 176.80(C=0), 125.48(CCH), 98.60(Fuc-C1), 71.80, 69.71,
69.66, 69.60, 69.56, 69.49, 69.44, 68.94, 68.89, 68.77, 68.07, 66.81, 66.59, 63.10, 56.54,
50.04, 40.27, 38.91, 38.10, 35.48, 33.74, 27.87, 25.04, 15.32. HRMS: calcd m/z for
CasHeaN4O14S, (M+Na)* 851.3758; found 851.3782.

(LA-EG1,) a-L-fucopyranoside (LA-EGi.-fucose) (10c)

12H TBTA
THF:H,0

(0]
CuS0O,45H,0 O
0/\</ \’)/\N3 + \/éo\/% Sodll:m ,‘issco?'bate 0/\</ \‘)Z/\N;?N(\(O\/?;H&m
Zedon T on S
OH OH

HO 4 HO 10c

Yield: 29.5 mg, 0.027 mmol, 69%

'H NMR (400 MHz, D-0) & 8.12 (s, 1H), 4.89 (d, J = 3.8 Hz, 1H, Fuc-H1), 4.71 (s, 2H),
4.66 (t, J = 5.0 Hz, 2H), 4.07 (g, J = 6.6, 5.9 Hz, 1H), 4.00 (t, J = 5.0 Hz, 2H), 3.87 (dd, J
= 10.4, 3.2 Hz, 2H), 3.79 (s, 3H), 3.77 — 3.58 (m, 54H), 3.40 (t, J = 5.3 Hz, 2H), 3.30 —
3.15 (m, 1H), 2.57 — 2.45 (m, 1H), 2.28 (t, J = 7.1 Hz, 2H), 2.07 — 1.94 (m, 1H), 1.82 —
1.72 (m, 1H), 1.71 = 1.57 (m, 3H), 1.49 — 1.38 (m, 2H), 1.21 (d, J = 6.5 Hz, 3H). 13C NMR
(101 MHz, D,0) & 98.60(Fuc-C1), 71.80, 69.59, 68.91, 68.77, 68.07, 66.81, 66.59, 63.08,
56.54, 50.02, 40.27, 38.91, 38.10, 35.48, 33.75, 27.87, 25.04, 15.31. HRMS: calcd m/z
for C47HeoN4O20S2 (M+H)* 1094.56014; found 1094.5605.
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(LA-EG;) a-D-mannopyranosyl-(1—2)-a-D-mannopyranoside (LA-EG.-dimannose)

(11a)

HO— o HO— o

HO HO

Hgo % o CuSO, 5H,0 Hgo 9%

HO + \\\/(O\/% Wsodium Ascorbate "o
N

O 2y e TBTA °v<\0/>v W
5 8a

S~¢  THF:H,0

S-g

Yield: 64.8 mg, 0.078 mmol, 52%

'"H NMR (400 MHz, D,0) & 8.03 (s, 1H, triazole-H), 5.03 (d, J = 1.8 Hz, 1H, dimannose-
H1), 4.95 (d, J = 1.8 Hz, 1H, dimannose-H1’), 4.63 (s, 2H), 4.58 (t, J = 5.0 Hz, 2H), 3.99
(s, 1H), 3.94 — 3.46 (m, 28H), 3.30 (t, J = 5.3 Hz, 2H), 3.12 (qt, J = 11.3, 6.4 Hz, 2H),
2.39 (dq, J=12.3, 6.1 Hz, 1H), 2.16 (t, J = 7.2 Hz, 2H), 1.88 (dq, J = 13.5, 6.9 Hz, 1H),
1.64 (dq, J=13.8, 7.3 Hz, 1H), 1.52 (hept, J= 7.7, 6.9 Hz, 3H), 1.31 (p, J = 7.6 Hz, 2H).
3C NMR (101 MHz, D,O) & 176.77(C=0), 170.93(CCH), 125.47(CCH), 102.30
(dimannose-C1’), 98.36 (dimannose-C1), 78.64, 73.25, 72.76, 70.30, 70.17, 69.94,
69.69, 69.54, 69.45, 69.01, 68.89, 68.81, 66.91, 66.87, 66.51,63.13,61.13, 60.89, 56.55,
50.07, 40.27, 38.92, 38.12, 3547, 33.72, 27.84, 25.05. HRMS: calcd m/z for
Ca3Hs9N4O16S2 (M+H)*™ 831.3367; found 831.3367.

(LA-EGg) a-D-mannopyranosyl-(1—2)-a-D-mannopyranose (LA-EGs-dimannose)

(11b)
HO\ o HO— o
HO g Ho 8
HO HO
HO % o CuS0, 5H,0 Hgo %
HO . \\\%O\/% WSodium Ascorbate’ o
Ee—— /Y\(O
N
O\/<\O/‘>2\/Na oN s TBTA ov<\o/>v W
5 8b s

S~¢  THFH,0 -

Yield: 35.0 mg, 0.035 mmol, 59%

'H NMR (400 MHz, D,0) & 8.12 (s, 1H, triazole-H), 5.12 (d, J = 1.8 Hz, 1H, dimannose-
H1), 5.03 (d, J = 1.8 Hz, 1H, dimannose-H1’), 4.72 (s, 2H), 4.67 (t, J = 5.0 Hz, 2H), 4.08
(dd, J = 3.4, 1.8 Hz, 1H), 4.04 — 3.96 (m, 3H), 3.96 — 3.60 (m, 41H), 3.40 (t, J = 5.3 Hz,
2H), 3.21 (ddt, J = 17.8, 11.0, 6.0 Hz, 2H), 2.50 (dq, J = 12.3, 6.0 Hz, 1H), 2.28 (t, J =
7.2 Hz, 2H), 1.99 (dq, J = 13.5, 6.9 Hz, 1H), 1.82 - 1.71 (m, 1H), 1.68 — 1.56 (m, 3H),
1.42 (p, J = 7.4 Hz, 2H). *C NMR (101 MHz, D,0) & 176.82(C=0), 125.47(CCH), 102.29
(dimannose-C1’), 98.35 (dimannose-C1), 78.63, 73.25, 72.75, 70.29, 70.16, 69.93,
69.67, 69.60, 69.55, 69.53, 69.44, 68.93, 68.89, 68.80, 66.90, 66.87, 66.50, 63.09, 61.13,
60.89, 56.52, 50.05, 40.27, 38.91, 38.09, 35.48, 33.74, 27.86, 25.04. HRMS: calcd m/z
for C41H76N4020S2 (M+Na)* 1029.4236; found 1029.4234.
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(LA-EG1,) a-D-mannopyranosyl-(1—2)-a-D-mannopyranose (LA-EG.-dimannose)

(11¢c)

HO— o HO— o
HO 6} HO 5
HOHO HO
o
Ho 9% CuS0, 5H,0 o)
HO \/(OV)\ Sodlum Ascorbate HO
“TeTA o /Y\(
O\/<\o/">2\/N3 12H THF:H,0 0\/<\O/>V W
5 S~¢

Yield: 27.5 mg, 0.022 mmol, 56%

'H NMR (400 MHz, D,0) & 8.11 (s, 1H, triazole-H), 5.12 (d, J = 1.8 Hz, 1H, dimannose-
H1), 5.03 (d, J = 1.8 Hz, 1H, dimannose-H1’), 4.71 (s, 2H), 4.66 (i, J = 5.0 Hz, 2H), 4.08
(s, 1H), 4.04 — 3.96 (m, 3H), 3.95 — 3.82 (m, 5H), 3.82 — 3.59 (m, 61H), 3.40 (t, J=5.3
Hz, 2H), 3.31 — 3.13 (m, 2H), 2.50 (dq, J = 11.1, 5.5, 4.9 Hz, 1H), 2.32 — 2.23 (m, 3H),
2.00 (dq, J=14.0, 7.0 Hz, 1H), 1.84 — 1.70 (m, 1H), 1.69 — 1.56 (m, 3H), 1.43 (p, J=7.7
Hz, 2H). *C NMR (101 MHz, D,0) & 176.82(C=0), 125.46(CCH), 102.29 (dimannose-
C1’), 98.35 (dimannose-C1), 78.63, 73.25, 72.75, 70.29, 70.15, 69.93, 69.67, 69.58,
69.43, 68.91, 68.79, 66.88, 66.49, 63.06, 61.13, 60.89, 56.53, 50.03, 40.27, 38.91, 38.09,
35.48, 33.75, 27.87, 25.04. HRMS: calcd m/z for Cs3H102N4O26S2 (M+NH4)* 1288.2654;
found 1288.6264

LA-EGe-OH (12b)

o CuS0,.5H,0 Q
% o) S du X Zb te HO -~~~ O~ /\(\co
odium Ascorbate
HO g Ns  + SN ~kn L0 0 N RS
2 HO 3L TBTA N H S—g
9 8b THF:H,0 12b

Yield: 37.0 mg, 0.054 mmol, 55%

'H NMR (501 MHz, D;0) & 8.13 (s, 1H, triazole-H), 4.71 (s, 2H), 4.66 (t, J = 5.1 Hz, 2H),
3.99 (t, J = 5.1 Hz, 2H), 3.80 — 3.51 (m, 51H), 3.39 (t, J = 5.3 Hz, 2H), 3.30 — 3.14 (m,
2H), 2.49 (dq, J = 12.3, 6.1 Hz, 1H), 2.27 (t, J = 7.2 Hz, 2H), 1.99 (dq, J = 13.5, 6.8 Hz,
1H), 1.76 (dtd, J = 13.4, 7.9, 5.4 Hz, 1H), 1.70 — 1.55 (m, 3H), 1.42 (p, J = 7.6 Hz, 2H)."*C
NMR (126 MHz, D;0) & 176.76(C=0), 71.67, 69.70, 69.66, 69.61, 69.56, 69.44, 69.37,
68.93, 68.90, 68.73, 63.10, 60.35, 56.53, 50.01, 40.27, 38.91, 38.10, 35.48, 33.76, 27.89,
25.05. HRMS: calcd m/z for CaoHssN4O10S2 (M+H)* 683.3360; found: 863.3354.
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LA-EG12-OH (12¢)

CuS0,.5H,0
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Yield: 28.7 mg, 0.03 mmol, 78%

'H NMR (400 MHz, D20) & 8.14 13 (s, 1H, triazole-H), 4.71 (s, 2H), 4.66 (t, J = 5.0 Hz,
2H), 4.00 (t, J = 5.0 Hz, 2H), 3.81 — 3.61 (m, 55H), 3.56 (t, J = 4.7 Hz, 2H), 3.40 (t, J =
5.3 Hz, 2H), 3.23 (tq, J = 17.9, 8.1 Hz, 2H), 2.50 (dd, J = 12.5, 6.0 Hz, 1H), 2.28 (t, J =
7.2 Hz, 2H), 2.00 (dd, J = 13.2, 6.7 Hz, 1H), 1.83 — 1.71 (m, 1H), 1.70 — 1.58 (m, 3H),
1.50 — 1.37 (m, 2H)."*C NMR (101 MHz, D20) & 176.81(C=0), 71.66, 69.59, 69.44,
69.36, 68.90, 68.72, 63.10, 60.35, 56.54, 50.02, 40.27, 38.90, 38.09, 35.47, 33.75, 27.87,
25.04. HRMS: calcd m/z for Ca1HgoN4O16S2 (M+2H)** 474.2506; found: 474.2183.

2.4.2 Gold nanoparticle synthesis

2.4.2.1 G5-citrate

Trisodium Citrate (97 mg, 0.33mmol) was dissolved in 150 mL ultrapure water. The
solution was then transferred to a freshly cleaned 250 mL three-necked flask and stirred
vigorously. Aqueous solutions of tannic acid (0.1 mL, 2.5 mM) and K>COs (1 mL, 150
mM) were added and the reaction heated to 75 °C for 30 minutes. HAuCls . 3H20 (1 mL,
25 mM) was added and the reaction stirred for a further 30 minutes. The heating bath
was then removed, and the solution was allowed to cool to r.t naturally. The prepared
GNP solution was transferred to a clean glass container and stored at r.t.

2.4.2.2 G13-citrate

HAuCl4.3H20 (79 mg, 0.2 mmol) was dissolved in 200 mL of ultrapure water. The
solution was then transferred to a freshly cleaned 250 mL three-necked flask and heated
to reflux in an oil bath under magnetic stirring. When the solution began to reflux, an
aqueous solution of trisodium citrate (228 mg, 10 mL, 77.6 mM) was quickly added and
the resulting solution was continuously refluxed. The colour of the solution changed from
yellow to deep red in ~1 min. After refluxing for another 50 min, a stable deep red solution
was obtained. The heating bath was then removed, and the solution was allowed to cool
to r.t naturally. The prepared GNP solution was transferred to a clean glass container
and stored at r.t.

2.4.2.3 G27-citrate

HAuCl4.3H20 (20 mg, 0.05 mmol) was dissolved in 200 mL of ultrapure water. The
solution was then transferred to a freshly cleaned 250 mL three-necked flask and stirred
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vigorously for 10 minutes. An aqueous solution of NaOH (1 mL, 25 mM) was added and
the reaction heated to reflux. An aqueous solution of trisodium citrate (3 mL, 165 mM)
was added quickly and the reaction continued to stir for 1h. The heating bath was then
removed, and the solution was allowed to cool to r.t naturally. The prepared GNP solution
was transferred to a clean glass container and stored at r.t.

2.4.2.4 G5 Cap exchange

100 mL of G5-citrate stock was concentrated to ~ 2 yM using 10 kDa MWCO spin column
and washed with H,O (3 x) at 4000 rpm for 15 min to remove any impurities. The
concentration of the G5-citrate was determined from its absorbance at 515 nm using the
Beer Lambert law and a G5 molar extinction coefficient of 1.1 x 10" M"-cm™. Then glycan
ligands dissolved in H20O to 5 or 10 mM were added to the G5-citrate solution in a molar
ratio of G5/glycan = 1:1000, 1:500 or 1:300. The resulting solution was mixed and stirred
at r.t for 2 days. The resulting mixture was passed through a 10 kDa MWCO spin column
by centrifugation at 4000 rpm for 15 min and the residues were washed with H,O (3 x
200 pL) to give the GNP-glycan stock. The concentration of the G5-glycans was
determined from its absorbance at 515 nm using the Beer Lambert law and a G5 molar
extinction coefficient of 1.1 x 10" M"-cm™.

2.4.2.5 G13 and G27 cap exchange

100 mL of G13- or G27-citrate stock was concentrated to ~ 100 nM or 10 nM respectively
using 30 kDa MWCO spin column and washed with H.O (3 x) to remove any impurities.
The exact concentration of the G13- and G27-citrate was determined from its
absorbance at 520 nm using the Beer Lambert law and their molar extinction coefficients
of 2.32 x 108 M'ecm™ and 2.39 x 10° M'cm™ respectively. Bis(p-sulfonatophenyl)
phenylphosphine dipotassium (BSPP) dissolved in water to 5 mM was added to the G13
or G27 in a molar ratio of GNP: BSPP = 1:5000 or 1:25000 respectively. The resulting
solution was sonicated for 4 minutes and then left in the dark for 24 hours. The resulting
mixture was passed through a 30 kDa MWCO spin column by centrifugation at 4000
rpom for 5 min and the residues were washed with H.O (3 x 200 pL) to give the GNP-
BSPP stock. The concentration of the G13- and G27-BSPP was determined from its
absorbance at 520 nm using the Beer Lambert law. Then glycan ligands dissolved in
H2O to 5 or 10 mM were added to the G13 or G27-BSPP solution in a molar ratio of
GNP/glycan = 1:5000 or 1:25,000. The resulting solution was sonicated for 4 minutes
and then left in the dark for 24 hours. The resulting mixture was passed through a 30
kDa MWCO spin column by centrifugation at 4000 rpm for 5 min and the residues were
washed with H>O (3 x 500 L) to give the G13- or G27-glycans. The concentration of the
G13- and G27-glycans was determined from their absorbance at 520 nm using the Beer
Lambert law.
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2.5 Phenol sulphuric acid colorimetry assay

The number of glycan ligands conjugated to each G5 was quantified using a phenol-
sulfuric acid method of carbohydrate quantification. Calibration curves were constructed
by adding sulphuric acid (175 pL) and phenol (35 pL, 5% w/w H>0) to a known amount
of LA-EGn-glycan dissolved in 35 pyL H>O. Samples were vortexed immediately then
incubated at 90 °C for 20 minutes and their absorbance at 490 nm read on a Varian Cary
50 bio UV-Visible Spectrophotometer in a disposable cuvette. A calibration curve of
absorbance at 490 nm vs. ligand amount was constructed which was fitted with a linear
fit.

After cap exchange, GNP-glycans were washed 3 x with dH,O in a 10 kDa MWCO
Amicon ultra-S2centrifugal filter. The flow through was collected, combined, lyophilised
and dissolved in H2O. 35 uL of these samples were treated as described above for the
calibration samples. The calibration curve was then used to determine the quantity of
unbound LA-EG,-glycan from their absorbance at 490 nm. The number of bound ligand
could then be calculated by subtracting the unbound ligand was the total used initially.
By comparing this to the mols of GNP used in the initial cap exchange, the quantity of
glycan per nanoparticle was calculated.

2.6 Dynamic light scattering

The hydrodynamic diameters (D) of GNP-glycans in pure water and in a binding buffer
(20 mM HEPES, 100 mM NaCl, 10 mM CaCl;, pH 7.8) were recorded on a Malvern
ZETASizer-Nano using disposable polystyrene cuvettes. Three to five consecutive
scans were performed for each sample and the mean volume D, distribution histograms
for each sample were obtained by fitting the averaged percentage volume hydrodynamic
sizes with Gaussian distributions (Equation 2.4) using origin 2019b (where y denotes the
volume percentage intensity, x denotes the hydrodynamic size, xc is the hydrodynamic
size distribution centre, w is the standard deviation, A4 is the integrated area, and FWHM
(Equation 2.5) is the full width at half of the maximum amplitude). The resulting Dy values
are reported as xc + %2 FWHM. All protein containing samples were performed by mixing
GNP-glycan with wild type or atto-643 labelled DC-SIGN and incubating at r.t for 20

minutes before taking the measurement.

A z2Gx-x0)?
e w? Equation 2.4
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FWHM = wy/In (4) Equation 2.5

2.7 Fluorescence quenching and thermodynamic studies

All  fluorescence spectra were recorded on a Cary Eclipse Fluorescence
Spectrophotometer using a 0.70 mL quartz cuvette under a fixed Aex of 630 nm over a
range of 650-800 nm. All measurements were performed in HEPES binding buffer (20
mM HEPES, 100 mM NacCl, 10 mM CaCl,, pH 7.8) containing 1 mg/mL of BSA. For the
apparent Ky measurement, the concentrations of labelled DC-SIGN and G5-glycans
were varied from 3-100 nM in a fixed protein/G5-glycan molar ratio (PGR) of 1:1. The
samples were incubated at the desired temperature for 20 min before recording the
fluorescence intensity. The fluorescence intensity of the protein in the absence of the
G5-glycans, recorded under identical experiment conditions, were used to determine the
quenching efficiency. The excitation and emission slit widths and instrument PMT
voltages were adjusted to compensate the low fluorescence signals at low
concentrations. The quenching efficiencies (QE) of DC-SIGN binding to each GNP-
glycan was calculated via Equation 4.1 and the resulting QE-concentration relationship
was fitted by Hill’'s Equation 4.2 to derive the apparent binding Ky values.

Thermodynamic measurements were obtained by repeating these measurements at
temperatures of 22, 27 and 32 °C. The cuvette temperature was maintained by a water
pump system. Buffer and sample temperatures were controlled by incubation in dry bath.
The standard binding enthalpy and entropy changes were obtained using a van 't Hoff
analyses of the linear fit of In(Ky)against 1/T, were the standard binding enthalpy and
entropy changes can be extracted from the slope and intercept.

2.8 Isothermal titration calorimetry

Wild-type DC-SIGN was dialysed over 48 hours against the binding buffer (20 mM
HEPES, 100 mM NaCl, 2 mM CaCl,, pH 7.8) at 4 °C. The post-dialysis buffer was stored
at 4 °C for subsequent experiments, including preparation of all samples, control
titrations, and rinsing the syringe and cell between each measurement. DC-SIGN was
concentrated by centrifugal ultrafiltration (10 kDa MWCO filter) to obtain a final
concentration of 30 uM. The G5-EG,-glycans were buffer exchanged three times with
the post-dialysis buffer using a 10 kDa MWCO centrifugal filter to obtain final
concentrations of between 700-300 nM depending on the sample. Isothermal titration
calorimetry was performed by Dr lain Manfield in the Astbury Centre at the University of
Leeds, using a MicroCal iTC200, with the G5-glycan solutions loaded into the syringe,
and DC-SIGN loaded into the calorimeter cell. Titrations were conducted at 25 °C with
an initial 0.5 pL injection, followed by nineteen 2 pL injections. Unless stated otherwise,



50

NITPIC was used to integrate the stepwise enthalpy changes for each titration using a
one-site binding model and SEDPHAT was used to fit curves, globally for repeat
titration.(156) A linear baseline was fitted to the data to account for heat of dilution effects.
Data visualisation was performed with GUSSI.(156)

2.9 Viral inhibition

Inhibition studies were performed by Inga Nehlmeier and Amy Madeleine Kempf in
Stefan Péhimann’s group at the German Primate Centre, Géttingen, Germany. The
effects of GNP-glycans on Ebola virus glyco-protein (EBOV-GP) driven entry into 293T
cells were assessed using a previously established procedure.(119) Briefly, 293T cells
seeded in 96-well plates were transfected with plasmids encoding DC-SIGN or DC-
SIGNR or control transfected with empty plasmid (pcDNA). The cells were washed at
16h post transfection and further cultivated at 37 °C, 5% CO; in Dulbecco’s modified
eagle medium (DMEM) containing 10% fetal bovine serum (FBS). At 48h post
transfection, the cells were exposed to twice the final concentration of GNP-glycan
inhibitor in DMEM supplemented with 10% FBS for 30 min in a total volume of 50 pL.
Thereafter, the resulting cells were inoculated with 50 uL of preparations of VSV vector
particles encoding the luciferase gene and bearing either EBOV-GP (which can use DC-
SIGN/R for augmentation of host cell entry) or the vesicular stomatitis virus glycoprotein
(VSV-G, which cannot use DC-SIGN/R for augmentation of host cell entry). At 6h post
inoculation, 100 pL of fresh DMEM culture medium was added and the cells incubated
for another 72h. Thereafter, luciferase activities in cell lysates were determined using a
commercially available kit (PJK), following the manufacturer's instructions and
normalised by the corresponding control collected in the absence of the lectin-GNP. The
normalised concentration-dependent inhibition data were fitted by a normalised variable
slope four-parameter logistic (4PL) curve model using Origin.
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Chapter 3 — Preparation of Gx-glycans and probing the effect of

linker length, glycan density and scaffold size on DC-SIGN

multivalent binding.

3.1 Introduction

Glyconanoparticles are typically characterised by a nano-sized core, polyvalently capped
with glycan-containing ligands. During development in the field of glyconanotechnology,
different scaffolds of various shapes, sizes and materials have been utilised as platforms
from which to attach carbohydrate tendrils, including, proteins(157-159), polymers(160,
161), dendrimers(162-164), fullerenes(165, 166), vesicles(167), nucleic acids(168, 169)
and inorganic nanoparticles(120, 170). Inorganic nanoparticles (NPs) in particular have
been indispensable in glycoconjugate design due to their inexpensive, straightforward
synthesis and easily tuneable nature in terms of size, shape and surface glycan
coverage. Synthesis conditions can alter their size from a few nm to a few hundred nm,
along with the shape ranging from spherical to rod-like to match the size or shape of an
individual glycoprotein, or mimic a whole virus or bacterial cell. Their surfaces are also
often easy to functionalise through strong covalent interactions and the extent of surface
coverage or choice of functional ligands can be altered to convey specific properties such
as hydrophilicity and biocompatibility and the specific glycan chosen to mimic whichever
process, protein or particle is under study. Additional properties can also be introduced
into the core structure of NPs, such as fluorescence, superparamagnetism, or
photothermal properties.(171-173) This affords these NPs extra capabilities which can
be harnessed to provide further therapeutic benefit, or information on binding behaviour
via lab-based techniques. This multifunctionality is present in quantum dots (QDs) and
gold nanoparticles (GNPs), which have strong fluorescence (with QDs) or fluorescence
quenching (with GNPs) properties, allowing them to partake in fluorescence resonance
energy transfer, a technique discussed at large in Chapter 4 to measure binding affinity.

One of the most critical considerations in the rational design of glyconanoparticles for
targeting multivalent lectin glycan interactions (MLGIs) is the selection of the
carbohydrate ligand and its ability to effectively engage with individual lectin binding
sites. A widely adopted strategy for achieving high affinity interactions involves mimicking
natural glycoproteins, which inherently present optimal glycan structures for selective
and high affinity binding to their target lectins. This is often accomplished by decorating
nanoparticles with monosaccharide units identified as key ligands for the target lectin.
However, the binding affinity and biological performance can often be further improved
by employing oligo- or polysaccharide-based ligands, which more closely resemble the
native glycan presentation on glycoproteins.
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For instance, in the case of DC-SIGN binding, nanoparticles functionalised with oligo
mannose-based ligands have shown superior antiviral activity compared to those coated
with monovalent mannose.(174) This enhancement is consistent with DC-SIGN's known
preference for high mannose type glycans.(80) Despite this strategy’s success, a
common limitation is the overlapping carbohydrate recognition among different lectins.
Several C-type lectins, including DC-SIGN, DC-SIGNR, the macrophage mannose
receptor, and the mannose binding protein all bind to monovalent and polyvalent
mannose, making it difficult to achieve selectivity using native carbohydrates alone. In
such cases, the incorporation of glycomimetics offers a promising alternative.
Glycomimetics are synthetic analogues of natural carbohydrates designed to retain
biological recognition properties while introducing structural variations that enable
enhanced selectivity or affinity.(59) Notably, glycomimetics have been used to
discriminate between closely related lectins. For example, the substitution of a methylene
guanidine triazole group at position 2 of monovalent mannose produces a ligand with 50-
fold selectivity for DC-SIGNR over DC-SIGN, despite the two proteins sharing over 77%
amino acid sequence identity. This ligand also represents the first known example with
selective affinity for DC-SIGNR.(175)

However, the use of polysaccharide-based ligands, or glycomimetics, is not without
limitations. The design and synthesis of structurally complex polysaccharides, and
selective glycomimetics are often technically demanding, time-consuming, and costly.
Therefore, practical compromises must be considered between the desired
enhancement in binding specificity or affinity and the synthetic complexity associated
with employing these strategies.

In addition to the glycan type influencing the binding affinity of glyconanoparticles, other
properties of the surface ligands can significantly influence the binding affinity,
particularly the flexibility of the ligand. Although linkers are primarily used as a way to
tether glycans to the nanoparticle surface, they also play an active role in determining
the ability of glycans to interact with their target lectins. This influence is largely
thermodynamic, as linker properties affect the conformational freedom and spatial
orientation of the ligands. Longer, more flexible ligands will incur greater entropic
penalties upon binding and therefore increased ligand flexibility may result in
disadvantageous binding.

On the other hand, the capacity of a glyconanoparticle to engage multiple CRDs
simultaneously is highly dependent on linker flexibility. While rigid linkers can promote
strong binding when the spatial arrangement of glycan and lectin binding sites is well
matched, flexible linkers offer a distinct advantage in cases where lectin’s inter-binding
site distances are variable or unknown. Flexible linkers allow glycans to adopt multiple
conformations, enabling better accommodation to the geometry of the lectin binding sites
and thus enhancing overall binding avidity.
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Understanding how aspects such as glycan type and ligand structure influence the ability
of a glycoconjugate to bind a multimeric lectin is an important factor in helping to inform
the rational design of more potent and specific ligands for targeting MLGIs. However,
apart from the dependency on the ligand itself, binding affinity can also be tuned without
resorting to more complex synthesis routes, instead manipulating the size, shape and
degree of surface functionalisation of the glyconanoparticle. As discussed with ligand
flexibility, the ability of a glyconanoparticle to establish effective multivalent enhancement
is reliant on whether the polyvalent glycan display is able to bridge multiple binding sites
simultaneously, which can instead be optimised by changing the shape, size and ligand
density of glyconanoparticles.

One of the main benefits of using nanoparticles as scaffolds is their comparable size to
many intracellular structures, which provides a compatible binding platform with the
target lectin, allowing the surface glycans to bind efficiently with more than one binding
site simultaneously. Increasing the size or shape of the core itself can enhance the
spatial match, by reducing the surface curvature to better fit the target lectins binding
sites, and improve the accessibility of the lectin towards the nanoparticle. Furthermore,
larger particles may also provide the opportunity to bridge multiple lectins on a cell
surface, more closely imitating the mechanisms of native pathogens and allowing for
outcomes which may simulate that observed in vitro more closely. In addition to this, the
size of the scaffold can also contribute to the inhibition potential of nanoparticles by
enhancing steric shielding, where other binding sites may become inaccessible due to
the size of the particle, despite not directly partaking in binding. Therefore, the size of
the glyconanoparticle is a critical parameter to take into account when designing lectin-
targeting agents.

While there is a relationship between scaffold size and its potential to bind multivalently
to one lectin, or bridge multiple lectins, this will be unsuccessful if the display of glycans
on the surface is ineffective. If the density is too sparse, then any increase in size will
impart little enhancing effect other than that of steric shielding, as the distance between
the glycans will be too large to bridge multiple binding sites of the same lectin and
therefore will not benefit from multivalent enhancement. For organic scaffolds such as
polymers and dendrimers, density may be controlled by increasing the distance between
terminal ligands by adding repeat units to the core structure. For inorganic scaffolds,
density is more easily controlled by altering the core: ligand ratio during the cap
exchange process. Alternatively, if a higher density is required but the core is saturated
as dictated by the ligands’ anchor point, then trimer/multimer versions of the glycan be
utilised, where one anchor unit will contain >1 glycan in the head group. This method
has been successfully utilised to tune binding affinity previously in this group. Adding a
trimer of mannose increased binding affinity to DC-SIGN 1.8-fold compared to its

monomer mannose counterpart in a solution phase assay. However, discrepancies in
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solution phase and surface phase data were observed, thus, further work is needed to
elucidate the direct effects of introducing multimers vs monomers in solution vs surface
binding.(115)

Glycan density is an important factor to consider for intra-molecular clustering of lectins
on the cell surface, especially when using larger, bacterial cell sized particles which may
span the length of many cell surface lectins. A study employing two bacteria strains, one
with glycoconjugate ligands in high-density nanoscale clusters (MTBC mycobacteria)
and one with ligands randomly and less densely displayed (non-MTBC), showed different
binding profiles to DC-SIGN on host immune cells. Those with high density bound DC-
SIGN with high affinity, and stimulated further recruitment and clustering of the receptor
whereas the non-MTBC species precluded efficient binding to DC-SIGN.(176) Thus,
controlling glycan density is an important factor in designing probes which are selective
and high affinity for certain cell surface lectins.

This chapter investigated how the structural features of glycan coated gold nanoparticles
(GNPs) influenced their binding interactions with DC-SIGN. To achieve this, a series of
gold nanoparticles of varying core sizes, (5, 13 and 27 nm) were synthesised and
functionalised with either a dimannose or fucose containing ligand, which are known to
engage DC-SIGN with distinct immunological outcomes.(52) To explore the influence of
the ligand presentation on DC-SIGN recognition and binding, several key aspects of the
design of these GNPs were varied. Along with GNP size and glycan type, the ligand
flexibility and ligand density were also modified. The resulting nanoparticles were then
characterised by UV-Vis spectrometry and dynamic light scattering to confirm successful
modifications to their structure, and a hydrodynamic size analysis was further used to
monitor their binding mode with DC-SIGN over a concentration range.

By dissecting the individual contributions of nanoparticle size, glycan type, ligand
flexibility and ligand density, this chapter provides a clearer picture on how the structural
features of glyconanoparticles relates to their function. The goal is to better understand
how to design glyconanoparticles with tuneable biological activity and lectin specificity,
which can contribute to the development of tools for immunomodulatory applications.
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3.2 Results and discussion

3.2.1 Glyconanoparticle design

The glycan-GNPs synthesised in this chapter were designed with considerations such
as core material, carbohydrate type, linker length, ligand density and scaffold size in
mind. As discussed, these design features are known to play critical roles in modulating
the avidity and selectivity of multivalent lectin-glycan interactions. Since DC-SIGN
binding and immune modulation may be sensitive to these features, fine tuning each of
these variables was essential to systematically probe DC-SIGN engagement and
downstream signalling outcomes, as discussed later in Chapter 4 and Chapter 7.

Firstly, gold nanoparticles were selected as the core scaffold due to several practical and
functional advantages. For example, their small size offers a high surface-area to volume
ratio, making them responsive to surface functionalisation with lipoic acid containing
ligands, which form 2 stable gold-thiol bonds, allowing a monolayer of ligands to protrude
from the GNP surface. These nanoparticles have previously been successfully employed
in fluorescence quenching assays to provide quantitative information on binding, such
as binding affinity and thermodynamic contributions, owing to their strong fluorescence
quenching ability.(115) Importantly GNPs are well documented as biocompatible,
making them suitable candidates for subsequent cell based assays to evaluate viral
inhibition and biological responses such as cytokine production or T cell
proliferation.(177) Their compatibility in both solution phase and cellular assays make
them an ideal scaffold for these investigations.

The design of the nanoparticles for this chapter built on prior work by Budhadev et al.,
with modifications to the linker length, density and glycan identity to better reflect
biologically active bacterial and fungal motifs.(115) In Part B of this thesis, fungal and
bacterial glycan biology is discussed in the context of immune modulation via DC-SIGN
and the regulation of cytokines such as IL-23 and IL-10. Accordingly, glycan selection
was guided by those with strong binding affinity to DC-SIGN, and relevance to fungal cell

wall structures.

o-D-Mannose-(1—2)-a-D-mannose (dimannose) and a-L-fucose (fucose) were selected
as the glycans of choice, based on their ability to bind DC-SIGN with high affinity when
displayed multivalently on scaffolds. Notably dimannose shows a greater affinity for DC-
SIGN than mono mannose, which is likely due to its ability to engage both primary and
secondary glycan binding sites in the CRD of DC-SIGN. Fucose, another common
fungal/bacterial sugar forming part of trisaccharide’s such as the Lewis antigens which
can be effectively recognised by DC-SIGN, was also included.(80) While fucose alone is
a relatively weaker monovalent binder than dimannose, its multivalent presentation

allows for enhancement through the multivalent effect to produce strong binders.(178)
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To conjugate these glycans to the GNP surface, three oligo(ethylene glycol) linkers with
varied EG repeat units (EG,), where n = 2, 6 and 12, were chosen. The use of these
linkers is two-fold, first they enable observation of the role of ligand flexibility on binding
strength and second, they form a practical design feature to protrude the glycan head
groups away from the gold surface. This minimises steric clashes that could hinder
binding, while also enhancing solubility, GNP colloidal stability, and reducing non-
specific interactions.

The ligand density on the nanoparticle was also varied to model a range of glycan
displays similar to what might be observed on bacterial or fungal pathogens. To this end,
three glycan densities were chosen ranging from approximately 160 to 650 glycans per
5 nm gold nanoparticle. This would later allow for an investigation into whether DC-SIGN
binding is dictated by differences in spatial glycan presentation.

Finally, the size of the scaffold was considered. While it has been observed that larger
glyconanoparticles (>20 nm) with a low surface curvature and can exhibit strong binding
affinities with DC-SIGN, it was important to keep in mind the methods which would later
be used to measure binding affinity.(130) Chapter 4 discusses methods of measuring Ka,
including a fluorescence quenching assay. Due to GNP’s molar absorption extinction
coefficient being positively linked to its volume, larger GNPs induce a significant inner
filter effect which interferes with fluorescence quenching results, and therefore a small,
5 nm gold scaffold was chosen initially as this provided a good surface for multivalent
display of the carbohydrate ligands, without introducing significant inner filter
effects.(115) Later in this chapter the design and decoration of larger GNP scaffolds is
also discussed for use in a pull-down assay.

Putting these design features together, a schematic of the structures of the GNP-glycan
conjugates and the chemical structures of the glycan ligands used in this study are
shown in Figure 2.1. 5 nm Gold nanoparticles (G5) were coated in ligands containing
three functional domains. A lipoic acid (LA) functionality for strong binding to the GNP
surface via the formation of 2 strong Au-S bonds to impose stability, a flexible oligo-
(ethylene glycol) (EG) linker of varying length to enhance water solubility and explore
ligand flexibility, and a terminal dimannose or fucose for specific binding to DC-SIGN.
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Figure 3.1 Schematic of the GNP-glycans used in this study. The GNP is coated with
LA-based glycan ligand containing a terminal glycan. The chemical structures of glycan
ligands are depicted underneath, where n = 2, 6, or 12.

3.2.2 G5-glycan preparation

An important factor to take into consideration during any design process is the ease of
access to starting materials and the design of a common intermediate that presents
opportunities for chemical and structural diversification for concomitant ligand synthesis.
In this instance, the easiest way to benefit from a common intermediate was to attach
different linker lengths bearing an alkyne moiety to lipoic acid from which different
glycans could all be attached simultaneously via copper catalysed click chemistry. Click
chemistry is consistently a useful tool in bioconjugation due to its high chemical yields,
quick reaction times, stereospecificity, lack of by-products and use of simple catalytic
reagents, if any at all. As the molecules described here are not strain promoted,
canonical Copper(l)-catalysed azide-alkyne cycloaddition (CUAAC) between the azide
and alkyne in the presence of CuSO4 and sodium ascorbate, along with TBTA to stabilise
the Cu'" species generated by the reduction of Cu?" by sodium ascorbate was
employed. The HoN-EGi-alkyne linkers were purchased commercially.

The synthetic route to the fucose ligand and the structure of the dimannose ligand are
shown in Scheme 3.1. Briefly fucoside 4 was prepared in a protecting group free Fisher
glycosylation with fucose 1 and the acceptor, monochlorinated triethyleneglycol, in the
presence of the Appel reagent (CBr4, PPhs). Acetylation followed by azidation afforded
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a anomer 3 and deprotection gave desired fucose ligand 4. The dimannose ligand 5 had
previously been synthesised in house.(115)

o
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Scheme 3.1 Synthetic route to azido fucose 4, and the structure of azido dimannose
ligand 5*. *Synthesised by Dr Darshita Budhadev.

LA based linker molecules were prepared by a simple amide coupling procedure using
dicyclohexylcarbodiimide (DCC) in the presence of DMAP catalyst. While other amide
coupling reagents are less hazardous, the benefits they usually provide, such as water
soluble by-products, are in this case detrimental as a work-up procedure involving an
aqueous wash would remove the water soluble ligand too. Using DCC in DCM results in
an insoluble urea by-product that can be filtered off, providing a cleaner product for easier
purification. After purification, the LA linkers were coupled efficiently to the N3-EG»-
fucose/dimannose or N3-EG2-OH control via Cu catalysed click chemistry to give the
desired LA-EGn-fucose/dimannose/OH ligands. These molecules were found to be
unstable on silica and so purification was carried out by size exclusion on a biogel P2
column using an AKTA prime pump system. Ligands were of >95% purity as

characterised by LCMS and NMR.
0

N
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Scheme 3.2 Synthetic route to lipoic acid EGy-linkers 8a-c. For a) n=2 b) n=6, c) n=12
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Scheme 3.3 Synthetic route to LA-EGi-fucose, LA-EGr-dimannose and LA-EG,-OH
ligands.

G5 nanoparticles were prepared via previously established protocols by refluxing
gold(lll) chloride trihydrate in water with trisodium citrate in the presence of potassium
carbonate and tannic acid, forming citrate stabilised gold nanoparticles, roughly 5 nm in
diameter.(125) By exploiting the strong interaction of gold with sulfur, the gold
nanoparticles were coated with the desired ligands in a simple one-pot self-assembly
procedure (Scheme 3.4). Air stable LA-ligands were stirred directly with the 5 nm
nanoparticles in water for 48 hours. The disulfide rings in the LA based ligands are
cleaved upon binding to gold surfaces, and displace the weakly bound citrate ions,
forming identical self-assembled monolayers on the G5 surface as their reduced
dihydrolipoic acid counterparts.(179) Three batches of each GNP-glycan conjugates
were prepared under three different gold nanoparticle to ligand molar ratios (GLRs) of
1:1000, 1:500 and 1:300. Any free unbound ligands were removed by ultrafiltration using
10 kDa MWCO filter tubes and washing with pure water.

Na;-Ct
HAuCl, W

Tannic Acid

e, @ 774N

oo ©0 0
Scheme 3.4 Schematic showing the procedure used to synthesise and cap exchange
citrate coated G5 particles to LA-EGn-glycan coated particles.
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3.2.3 G5-glycan characterisation

3.2.3.1 UV-absorbance

The successful conjugation of LA-glycan ligands on G5 surface was indicated by a small
but discernible red shift in the characteristic SPR absorption peak of G5 as shown in the
UV-vis absorbance traces (Figure 3.2). Using G5’s absorption extinction coefficient of
1.1 x 10" M'em™ at its SPR peak Amax of ~510-520, the concentrations of G5-glycans
were calculated using the Beer Lambert law (Equation 2.1)

1.2 1 G5-EG, -glycans (1:1000)
1.00
1.0 —\/
084
06 ——G5-citrate o 550

—— G5-EG,-fucose

1 —— G5-EG;4-fucose

04 4 — G5-EG,,-fucose

——— G5-EG,-dimannose
GS5-EG4-dimannose

02 ———G5-EG,,-dimannose

normalised absorbance (a.u)

! I i I ! 1
400 500 600 700
Wavelength (nm)

Figure 3.2 Normalised UV-Vis absorbance spectrum for G5s before and after cap
exchange with LA-EG,-glycans made in a GLR of 1:1000.

3.2.3.2 Hydrodynamic size

The size of the G5-EGy-glycans was measured by DLS. The diameter that is measured
in DLS is a value that refers to how a particle diffuses within a fluid so it is referred to as
a hydrodynamic diameter (Ds). In this case, the Dy, represents the core gold nanoparticle,
plus the ligands and a tightly associated hydration layer. The resulting Gaussian
distribution curves for G5’s coated in citrate and made in a 1:1000 GLR (GNP:ligand
ratio) are shown in Figure 3.3 and Figure 3.4. The Gaussian distributions for those made
in a 1:500 and 1:300 GLR can be found in Figure A. 1-2 and a summary of all the
hydrodynamic sizes for each GLR can be found in Table 3.1, where D values are
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reported as the hydrodynamic size distribution centre (xc) + 'z full width at half maximum
peak height (FWHM) as calculated by Equation 2.4 and Equation 2.5.
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Figure 3.3 Volume population hydrodynamic size distribution histogram of G5-citrate,
fitted with a Gaussian distribution curve. (D value given as xc + /2 FWHM).
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Figure 3.4 Volume population hydrodynamic size distribution histograms fitted with a
Gaussian distribution curve for A) G5-EGz-dimannose, B) G5-EGz-fucose, C) G5-EGs-
dimannose, D) G5-EGs-fucose, E) G5-EG12-dimannose, F) G5-EG1.-fucose, made in a
1:1000 GLR (D values given as xc + 2 FWHM).
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Table 3.1 Summary of the hydrodynamic diamters (Dns) of G5-EGn-glycans made in
three GNP:ligand molar ratios (1:1000, 1:500, 1:300). Dy, values given as xc + 2 FWHM.

1:1000 1:500 1:300
G5-EGu-glycan Dot FWHM | Dy % FWHM Dn £ s FWHM
(nm) (nm) (nm)
G5-EGz-dimannose 12.7+2.8 11.9+3.2 104+ 1.9
G5-EGs-dimannose 13.4+3.3 13.8£ 4.0 12.3+3.2
G5-EGiz-dimannose 17.8 £ 4.1 143435 12.9£3.0
G5-EG-fucose 10.4 £2.2 9.8+27 104 +2.2
G5-EGs-fucose 13.1£2.9 11426 121£1.7
G5-EGiz-fucose 14.3+25 13.2+2.1 122428
G5-EG+>-OH 135+ 2.5 - -

The hydrodynamic diameter of the stock (G5-citrate) was measured to be 7.5 + 2.2 nm
(Figure 3.3). Taking into account the contribution from the citrate coating and the
hydration layer, this Dy is consistent with approximately a 5 nm core size. This agrees
with previous comparisons of the size of citrate GNPs, where measurements by DLS
typically show a size 2-3 nm larger than when measured by TEM.(130)

The successful conjugation indicated by a Amax shift was further confirmed by an increase
in Dy of at least 2.9 nm after mixing G5-citrate with LA-ligands and as expected, Dy
generally increased with increasing linker length. One exception was that the G5-glycans
made in a 1:300 ratio showed the same Dy, for the EGs and EG12 linkers (12.3 £ 3.2 and
12.9 £+ 3.0 nm respectively for terminal dimannose, and 12.1 + 1.7 and 12.2 £+ 2.8 nm
respectively for terminal fucose). This indicates that when made in a 1:300 GLR, the
density of LA-ligands on the gold core is sparse enough to allow the linkers sufficient
space to fold up closer to the gold nanoparticle surface, reducing their effective
hydrodynamic size (Figure 3.5). This is an important observation as it may impact the
availability of the glycan ligands for lectin binding, as some glycans may become buried
within other folded up linkers or have sub optimal orientations for tetrameric binding. To
explore this further, and confirm that lowering the ligand to gold ratio reduces valency, a
calculation of the number of ligands per G5 was conducted.
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Figure 3.5 Diagram illustrating the effect of linker length and glycan valency on ligand
orientation on the nanoparticle surface. As glycan valency decreases, the available
surface area per glycan increases. The left structure depicts a GNP with short linkers
and high ligand density, promoting uniform display of glycans. The right structure depicts
a GNP with longer linkers and low ligand density, promoting folding of the ligands,
resulting in non-uniform glycan presentation and variable glycan surface orientations.

3.2.3.3 Valency

During cap exchange, the G5 nanoparticles were washed through 10K MWCO filter
units, and the flow-through containing unbound ligand was collected. The amount of
unbound ligand present in the flow-through was quantified using a phenol sulfuric acid
assay. By comparing this value to the initial amount of ligand used during cap exchange,
the number of ligands bound on each G5 were estimated.(119)

For the phenol sulphuric assay, calibration curves were first calculated using known
amounts of LA-EG-glycans, an example of which can be seen in Figure 3.6 for LA-EG,-
dimannose. The remaining calibration curves are given in Figure A. 3. The collected flow-
through from cap exchange was collected, freeze dried then rediluted in a known amount
of H,O and applied in the phenol sulfuric assay. The results were analysed against the
calibration curves to determine the ligand concentrations in the flow through. A summary
of the valency outcomes for each G5-EGn-glycan at the three synthesis ratios can be
seen in Table 3.2.
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Figure 3.6 Plot of sample absorbance at 490 nm against LA-EG,-dimannose amount,
fitted by a linear relationship, giving a slope(m) = 0.033 + 0.00008, R? = 0.998.

Table 3.2 Summary of the surface valency of G5-EG,-glycans made in three GLR ratios
(1:1000, 1:500 and 1:300). Valencies are given as an average of two repeat
measurements with the error representing the standard deviations (SDs).

1:1000 1:500 1:300
G5-EGn-glycan Valency (N) Valency (N) Valency (N)
G5-EGz-dimannose 659 + 145 355 + 19 164 + 3
G5-EGe-dimannose 661 + 22 360 + 15 171 16
G5-EGr2-dimannose 622 + 37 379 + 18 181 13
G5-EG-fucose 599 + 6 333 + 23 157 + 45
G5-EGe-fucose 519 + 96 380+ 8 174 + 17
G5-EG12-fucose 556 + 45 370 + 13 184+ 9

3.2.3.4 Deflection angle and inter-glycan distances

As expected, and consistent with the D, analysis, reducing the ratio of ligand to gold
during the cap exchange process lowered the number of ligands on a G5 particle.
Varying the ratios of glycans on the surface of G5s was carried out with the intention to
tune their binding affinities to the tetrameric lectin DC-SIGN, the rational being that
changing the density may result in a better spatial match between the surface glycans
and the four DC-SIGN CRDs. Evidence suggests that strong binding requires a close
spatial match between receptor and ligand. Previous studies have shown that DC-
SIGNR, a close homolog of DC-SIGN, exhibits weaker binding to spherically presented
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multivalent glycans. This reduced affinity is attributed to the outward orientation of its
CRDs, which results in poor spatial alignment with the glycan ligands.(115) Modulating
glycan density using this approach therefore enabled the identification of the optimal
inter-glycan spacing on a G5 scaffold required to simultaneously engage all four DC-
SIGN CRDs, while also assessing whether linker flexibility allows for deviation from these
spatial constraints. Assuming even distribution of glycans on the G5 surface the footprint
(k) and the deflection angle (8) of each glycan on the surface was measured by Equation
3.1 and 1.4 where r = Ry, = 5 D and N is the glycan valency per G5.(180) The inter-
glycan distance (X) was then calculated by Equation 3.3.

A summary of valency, deflection angle and inter-glycan distance is shown in Table 3.3,
and an illustration of how the deflection angle and inter-glycan distance is affected by
valency and linker length is shown in Figure 3.7.

4mr?
= Equation 3.1
k
, 360\/; 229.3 Equation 3.2
o N
.0
X = ermi Equation 3.3

Table 3.3 Summary of the deflection angle (8) and inter-glycan distance (X) of G5-EGn-
glycans made in three GNP:ligand synthesis ratios (1:1000, 1:500 and 1:300). Errors are
propagated from the errors in valency and hydrodynamic size.

1:1000 1:500 1:300

G5-EG»- 6(°) X (nm) 6(°) X (nm) 6(°) X (nm)
glycan

G5-EG»- 89+10 099+£0.25 | 122+03 1.26+0.34 | 179+0.2 1.62+0.30
dimannose

G5-EGes- 89+0.2 1.04+£026 | 121+0.2 145+042 | 17.5+08 1.87 £0.50
dimannose

G5-EG12- 92+03 142 +0.33 | 11.8+0.3 146+0.36 | 17006 1.91+£0.45
dimannose

G5-EG2- 94+005 085+0.18 | 126+04 1.07+0.30 | 18.3+2.8 1.65+0.43
fucose

G5-EGe- 10.1+1.0 1.15+028 | 11.8+0.1 1.13+0.27 | 174+09 1.83+0.27
fucose

G5-EG12- 97+04 121+022 | 119+02 1.37+022 | 169+04 1.79+0.41
fucose
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As expected, both the deflection angles and inter-glycan distances increased as the
valency of the GNPs decreased, with & ranging from 8.9° for the saturated 1:1000 GLR
particles up to 18.3° for the 1:300 GLR particles. Similarly, inter-glycan distances
increased from 0.85 nm up to 1.91 nm. Since the deflection angle is independent of Dx
and is instead governed by the valency of the G5 particle, no correlation was observed
between linker length and deflection angle within particles synthesised at the same GLR.
In contrast, inter-glycan distance had a dependency on particle diameter, and since
longer linkers tend to produce particles with larger Dy, the inter-glycan distance generally
increased with linker length (despite one exception where the Dy of G5-EGe-glycans and
G5-EG12-glycans were similar for the 1:300 synthesis ratio). This indicated that linker
induced changes in size can override the effects of small changes in valency in
determining glycan spacing. These observations, along with the D, measurements,
highlight how glycan density directly influences the surface presentation and spacing of
carbohydrate ligands, which in turn affects their accessibility and binding potential to
multivalent receptors such as DC-SIGN.

X5

Figure 3.7 Drawing illustrating how deflection angle (6), and inter-glycan distance (X) is
affected by linker length and glycan density. Increasing linker length increases X but not
8, and reducing the density increases both 6 and X.

The relevance of inter-glycan distances becomes apparent when considering the
constraints on DC-SIGN binding. An ab initio model of the DC-SIGN extracellular domain
(EDC) predicts that when bound to a pseudo dimannose ligand, the centre to centre
distances of CRDs range between 3.87-4.03 nm (derived from combination of SAXS
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envelope of DC-SIGN ECD, PDB: 6GHV, and STD-NMR data for the ligand).(181)
Although the inter-glycan distances observed on these G5-glycans fall below this value,
it is possible that certain inter-glycan distances might allow for cooperative or
enthalpically enhanced binding, whereby every forth glycan is optimally spatially lined up
with a CRD (e.g. 0.99 nm for G5-EG,-dimannose). Furthermore increasing glycan
density on the nanoparticle surface could also promote favourable binding by enhancing
the probability that glycans will be correctly oriented for DC-SIGN engagement.
Therefore both glycan valency and linker length could contribute to fine tuning multivalent
interactions with DC-SIGN.

3.2.4 Probing the binding mode of G5-EGn-glycans with DC-SIGN

To consolidate successful coverage of G5 particles in the glycans of choice, their binding
mode with DC-SIGN was probed by DLS. Previously, the binding mode between DC-
SIGN and G5-EGz-dimannose was studied by monitoring the hydrodynamic size
increase as varying ratios of DC-SIGN was added to a fixed concentration of G5-EG.-
dimannose. This revealed that multiple copies of DC-SIGN can bind to a single G5-EG»-
dimannose molecule, forming small lectin-G5 assemblies of approximately 40 nm in Dy
when saturated.(115) This size is consistent with a single G5-EG2-dimannose particle
coated with a monolayer of DC-SIGN molecules, suggesting that all four CRDs of each
DC-SIGN engage with a single G5-EG,-dimannose. To further extend our knowledge on
the binding between G5-glycans and DC-SIGN, the binding modes of G5s made in a
GLR of 1:1000, 1:500 and 1:300 with DC-SIGN were studied to determine if the ethylene
glycol linker length or valency is important for the binding mode and if a correspondingly
lower saturation point may be reached for the lower valency particles.

The concentration of G5 was fixed at 20 nM and the ratio of DC-SIGN was increased
gradually from 20 - 320 nM (i.e., protein to G5 ratio (PGR) of 1:1 — 16:1). The Dy, of DC-
SIGN alone displayed a single narrow Gaussian distribution of ~14.0 + 2.0 nm (Figure
3.8). The Dy histograms (volume population) of the G5-EG2-dimannose (1:1000)-DC-
SIGN monolayer complex under variety of PGRs can be seen in Figure 3.9 and the
remaining Dy histograms of all other G5-EGn-glycans are shown in Figure A. 4-8. Their
Dy-PGR relationships are shown in Figure 3.10.
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Figure 3.8 Volume population hydrodynamic size distribution histogram fitted with
Gaussian fits for DC-SIGN (DC020). Dy value given as xc + %2 FWHM.
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Figure 3.9 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG2-dimannose (1:1000) (20 nM) with DC-SIGN
at varying protein:G5 molar ratios (PGR) of A) 1:1, B) 2:1, C) 4:1, D) 8:1, E) 12:1, and
F) 16:1 (Dh values given as xc + 72 FWHM).
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Figure 3.10 Hydrodynamic diameter (Dn, volume population) - PGR relationship for A)
G5-EGn-dimannose (1:1000) with DC-SIGN and B) G5-EG,-fucose (1:1000) with DC-
SIGN.

In general the Dy of the G5-EGn-glycan(1:1000) + DC-SIGN mixtures increased gradually
with the increasing PGR, reaching a plateau at a PGR of around 8:1-12:1, after which
the Dy values remained roughly constant. This behaviour was similar to that previously
observed for DC-SIGN binding with G5-EGz-dimannose. The saturated Dns for G5
glycans with EG12-linkers showed a general trend of being larger than those with EG;
linkers (Dhmax 51.8 £ 10.3 nm vs 39.6 + 13.2 for G5-EGi>-dimannose and G5-EG;-
dimanose, respectively). The difference between G5-EG,-glycans and G5-EGi2-glycans
in the absence of DC-SIGN is ~5 nm but the resulting complexes have ~12 nm difference,
suggesting more DC-SIGN molecules can bind to G5-EGiz-glycans than G5-EG»-
glycans. This is consistent with the difference in surface areas and is reflected in the Dy,
plateauing at higher PGRs for G5-EG12-glycans.

Although the hydrodynamic diameters plateau at low PGRs, this does not necessarily
reflect the true saturation of the G5-EG,-glycans with DC-SIGN. Using a surface binding
footprint of ~35 nm? per DC-SIGN tetramer, and the surface areas of G5-EG-glycans
calculated from their Dns (~510, ~540, ~995 nm?, for EG2, EGs, and EG1,- dimannose
respectively, and ~410, ~540, and ~640 nm? for EG,, EGs, and EGi2- fucose,
respectively) then PGRs of ~12:1 - 30:1 with DC-SIGN were estimated to be able to fully
saturate the surface of G5-EG,-glycans depending on linker lengths. At the 1:1000
GNP:ligand synthesis ratio, full saturation with 30 DC-SIGN molecules should be entirely
possible for the G5-EG12-glycans as this would require 120 surface glycan ligands which
is considerably fewer than the G5 surface glycan valencies of 500+ described in the
earlier section. The Dy plateauing at 12 DC-SIGN molecules per G5-EG+2-glycan may
consequently be a result of an even distribution of these DC-SIGN molecules on the G5
surface, forming a roughly spherical complex, not increasing in size despite further
binding occurring. The Dy, plateauing at a lower PGR of 8 for the G5-EG2-glycans may
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be a combination of this same affect and steric hindrance, as crowding at near-saturation
prevents further DC-SIGN molecules from binding.

Repeating this with G5-EGn-glycans made in 1:500 and 1:300 GNP:ligand synthesis
ratios largely followed the same trend, with the Dy plateauing at PGRs of around 6:1. The
hydrodynamic diameters of the monolayer species at each PGR are shown in Figure
3.11 and Figure 3.12. Their gaussian distributions can be seen in Figure A. 9-20. Less
variation was observed in the saturated D, values for the 1:500 and 1:300 G5-glycans
with the three different EG, linker lengths, consolidating the assumption that the G5-
glycans made in a lower ligand to GNP ratio are less hindered and have the margin to
fold up and create an observed smaller Dy, even when bound to DC-SIGN.
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Figure 3.11 hydrodynamic diameter (D, volume population) - PGR relationship for A)
G5-EGnr-dimannose (1:500) with DC-SIGN and B) G5-EG,-fucose (1:500) with DC-SIGN.
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Figure 3.12 hydrodynamic diameter (Dn, volume population) - PGR relationship of
monolayer species for A) G5-EGn-dimannose (1:300) with DC-SIGN and B) G5-EGn-
fucose (1:300) with DC-SIGN.
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While Figure 3.12 shows the Dy values of the monolayer DC-SIGN coated G5-glycan
complex, interestingly for the higher PGRs (12:1) with 1:300 G5-EG.6-dimannose, some
larger structures were observed, with hydrodynamic diameters of ~4000 nm (Figure
3.13) indicating that at high PGRs, a second binding mode is observed where cross-
linking begins to occur. It is possible that due to the lower surface glycan valencies and
bigger inter-glycan distances, there is a spatial mismatch between the binding surface of
the DC-SIGN tetramers and these G5-glycans(1:300), rendering it less likely that glycans
on one G5 can bridge all four CRDs of one DC-SIGN tetramer. If one or more DC-SIGN
CRDs remain unbound by one G5-glycan, a second G5-glycan may fill this space,
creating a cross linking network (Figure 3.14). The volume of the cross-linked species is
reduced as linker length increases from EG. to EGi2, which may indicate that the
increased flexibility of the longer linkers affords them the ability to bridge the CRDs of
one DC-SIGN tetramer, highlighting how linker flexibility can allow for deviation from
spatial constraints of the DC-SIGN CRDs. A further exploration of this, and how binding
of only 2 CRDs may affect binding affinity can be found in Chapter 4.
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Figure 3.13 Volume population hydrodynamic size distribution histograms fitted with a
Gaussian distribution curve for A) G5-EG,-dimannose (1:300), B) G5-EGes-dimannose
(1:300) C) G5-EG+2-dimannose (1:300), with DC-SIGN at PGRs of 12:1 (Dy, values given
as xc £ %2 FWHM).

Figure 3.14 Representation of a G5-glycan coated in a monolayer of DC-SIGN
molecules (left) vs a cross linked G5-glycan-DC-SIGN assembly (right) where some DC-
SIGN tetramers bridge two G5-glycan particles.
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3.2.5 Summary of G5-glycan preparation, characterisation, and

future application

In summary, G5-glycans with different linker lengths and surface glycan densities have
been successfully synthesised and characterised. These were carried out in an attempt
to modify and tune their interactions with the tetrameric lectin, DC-SIGN. Using DLS to
measure their hydrodynamic diameters, it was found that G5-glycans made in a 1:1000
GLR form only monolayer DC-SIGN coated G5-glycan particles upon mixing with DC-
SIGN, where one G5-glycan binds simultaneously to all four CRDs in one DC-SIGN
molecule. Contrastingly, G5-glycans with a lower glycan density, especially those with
short EG: linkers, show a greater tendency to form cross-linked species, possibly due to
their large inter-glycan distances resulting in an imperfect spatial match in order to bind
to all four CRDs in one DC-SIGN.

To explore the G5-glycan-DC-SIGN interactions further, and to quantify parameters
associated with their binding events, these particles were used in a number of other DC-
SIGN binding studies. Chapter 4 explored the use of a fluorescence quenching assay
based off the nano surface energy transfer (NSET), the apparent Ky of these
nanoparticles with DC-SIGN were measured, along with the enthalpy and entropy
contributions. This was compared to other solution based measurements obtained by
isothermal titration calorimetry(ITC) using the same G5-glycans. Furthermore, their
ability to inhibit cell surface DC-SIGN lectin receptor mediated viral entry into host cells
was explored, and correlated to their solution binding affinity. These studies revealed key
GNP-glycan design parameters such as the glycan identify, linker length, and density,
that are most impactful on cell signalling processes.

Chapter 7 investigated how these G5-glycans are able to modulate cytokine production
via DC-SIGN. Dendritic cells were treated concomitantly with bacterial endotoxin LPS
and the G5-glycans of choice, and the production of interleukin(IL)-10 and IL-23 was
measured. This chapter then further explored the implications of glycan binding on T cell
proliferation. It was anticipated that these studies would reveal information on fungal
mediated IL-23 production and provide insight into how this might relate to the onset of
the seronegative spondyloarthropathies, a group of diseases associated with the IL-23
cytokine.

3.2.6 G27-glycan preparation and characterisation

The G5-glycan nanoparticles described above are useful tools for probing DC-SIGN
based multivalent lectin-glycan binding. However, in some instances where the aim is to
study the size dependency of the scaffold on DC-SIGN binding, or when the objective is
to isolate protein-carbohydrate complexes, a larger particle size is often required.
Therefore, 27 nm gold nanoparticles coated in the same dimannose and fucose ligands
were also synthesised.
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Due to their much higher extinction coefficient (2.39 x 10°vs 1.1. x 10’ M'ecm™ for G5),
larger gold nanoparticles are less useful in GNP based fluorescence quenching assays
due to their much larger inner filter effect, and hence G27-glycan nanoparticles were not
adopted to measure binding affinity through the fluorescence quenching assay described
in Chapter 4. They can however, be used in a similar fashion to measure binding affinity
using a pull-down method, where the bound proteins are pelleted out of solution using
centrifugation.

G27 nanoparticles were prepared via previously established protocols by NaOH
treatment of gold(lll) chloride trihydrate in water followed by citrate reduction at reflux,
forming citrate stabilized gold nanoparticles roughly 27 nm in diameter (Scheme
3.5).(125) G27 require long water soluble EG, chains to provide strong steric stabilisation
to resist aggregation, and therefore LA-EGs-glycan ligands were used to conjugate to
the G27 surface. Directly stirring the LA-EGe-glycans with citrate stabilised G27 resulted
in aggregation. This happens due to several factors associated with surface chemistry,
colloidal stability and inter-particle forces. Citrate ions stabilise gold nanoparticles
through electrostatic stabilisation, but when lipoic acid based neutral ligands are added,
the weakly adsorbed citrate ions are rapidly displaced, reducing this electrostatic
repulsion. Since cap-exchange is not instantaneous, there is a window in which the
particles are left unstable (not densely passivated by LA-EG,-glycan ligands), in which
time they may aggregate. Attempted stabilisation of G27-citrate using tween based
surfactants was also found to be ineffective.

To counteract this issue, G27-citrate were exchanged with a monothiol PEG800-OMe
ligand. PEG800 contains roughly 20 EG units, which provides strong steric stabilisation
and therefore reduces cap exchange induced aggregation. While this alleviated the G27
aggregation issue, displacing the HS-PEGge-OMe with LA-glycan ligands was
unsuccessful. However, when using a two-step cap exchange process, first with bis (p-
sulfonatophenyl) phenylphosphine dipotassium (BSPP), then with the LA-glycan ligands,
both aqueous solutions, the G27 particles were successfully conjugated with the desired
LA-glycan ligands. BSPP is a phosphine containing ligand which binds to gold surfaces
with relatively high affinity. It contains two negatively charged -SOs groups to provide
strong electrostatic stabilisation among neighbouring particles to prevent aggregation.
The bulky phenyl rings also contribute the steric stabilisation, providing physical spacing
between GNPs which prevents them from approaching each other closely. This is very
effective in aqueous media and enhances colloidal stability. BSPP helps maintain this
colloidal stability during the ligand transition, and since it binds to G27 relatively strongly,
it does not desorb too quickly, which gives time for lipoic acid to anchor without leaving
the gold particles bare and unstable. Successful cap exchange was confirmed by an
increase in Dy (Figure 3.16) and by a small red-shift in the UV-Vis SPR absorption peak
(Figure 3.15), which was also used to calculate their concentrations using Equation 2.1.
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Scheme 3.5 Schematic depicting the procedure for the synthesis and cap exchange for
G27 particles. Direct cap exchange of G27-Ct with LA-glycans causes aggregation, and
an intermediate exchange with HS-pegsoo-OMe is too stable for cap exchange with LA-
glycans. G27-Ct can be cap exchanged with LA-glycans in a two-step process using
BSPP as an intermediate coating.
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Figure 3.15 Normalised UV-Vis absorption spectrum for G27s before and after cap
exchange with intermediate BSPP ligand, and then with LA-EGe-glycans.
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3.2.7 Probing the binding mode of G27-EG,-glycans with DC-SIGN

As described similarly in Section 3.2.4, the binding mode of G27-glycans with DC-SIGN
was explored. The concentration of G27 was fixed at 0.5 nM and the ratio of DC-SIGN
was increased gradually from 1-64 nM (i.e., protein to GNP ratio (PGR) of 2:1 — 128:1).
The Dy histograms (volume population) of the G27-EGs-dimannose/fucose-DC-SIGN
complex under variety of PGRs can be seen in Figure 3.17 and Figure 3.18 along with

their Dn-PGR relationships.
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For G27-fucose, as DC-SIGN concentration increased the Dy, increased until a plateau
was reached at around 32:1 ratio corresponding to a small DC-SIGN-G27 monolayer
assembly. Based on their glycan surface areas calculated from their hydrodynamic
diameters (~3850 nm?) around 110 DC-SIGN molecules should be able to bind before
saturation is reached, and therefore the PGR of 128 is above the saturation ratio. Despite
this, even above the saturation ratio for G27-fucose (PGR 128:1), only a monolayer sized
species was observed (D, = 87.5 nm). Contrastingly, as PGR was increased for the G27-
dimannose particles, a second, larger species was observed with a Dy, >300 nm,
increasing in volume and diameter as PGR increased. This is too large to be a monolayer
of G27-dimannose coated in DC-SIGN and instead indicates some cross linked DC-
SIGN-G27-dimannose must be present alongside the DC-SIGN monolayer coated G27-

dimannose species.

3.2.8 G13-glycan preparation and characterisation

Along with their high absorption extinction coefficient, and resulting strong inner filter
effect, rendering G27-glycans less well suited to fluorescence quenching based affinity
assays, G27 also suffers from having to be used at low concentration. This is due to the
large amount of AuHCI, required to make particles of this diameter, meaning only small
quantities can be made in a single batch. Lower working concentrations also have to be
used to avoid aggregation during experiments. Due to this, some ~13 nm gold
nanoparticles (G13s) were prepared as a compromise between the high concentration
range available for G5, and the low centrifugation speeds needed to pellet G27.

Similar to G27, G13 has a large absorption extinction coefficient (2.32 x 10® M'em™)
which renders it less useful in NSET based affinity assays due to the inner filter effect,
and thus the need to fix the GNP concentration at low nM concentrations (~4 nM). They
can, however, be used at higher concentrations than G27 in a pull-down style assay
meaning a greater concentration of DC-SIGN can be pulled down from solution. As a
caveat, this requires longer centrifugation times of ~60-90 minutes at 17000 x g.

G13 were prepared and synthesised according to previously established protocols by
standard citrate reduction of HAuCl, at reflux.(125) Particles were cap exchanged with
LA-EGes-dimannose and LA-EGe-fucose in a two-step process as described before, with
a BSPP stabilised intermediate. Ligand exchange showed small red-shift in their UV-Vis
absorption peak (Figure 3.19) Stock G13 citrate had a hydrodynamic diameter of 17.5
4.4 nm, increasing to 19.7 + 4.8 nm upon BSPP conjugation, and finally to ~ 20-22 nm
when exchanged with LA-EGs-dimannose and LA-EGe-fucose. Based off their D,
roughly 40 DC-SIGN molecules were predicted to be able to saturate the surface of a
G13-glycan and therefore, their Dy in the presence of DC-SIGN in a PGR of 40:1 was
measured. This showed only a monolayer of DC-SIGN coated core/shell species for both
G13-dimannose and G13-fucose (Figure 3.20).



80

— (G13-citrate
— G13-BSPP

1.0 —— (G13 dimannose
— G13-fucose

08 N 1.00

0.98
0.96
0.94

0.6 0.92

0.90

0.4 1

Normalised absorbance (a.u)

0.2 +

T T T T T T T T T 1
450 500 550 600 650 700
Wavelength (nm)

Figure 3.19 Normalised UV-VIS absorbance spectrum for G13s before and after cap
exchange with intermediate BSPP ligand, and with LA-EGe-glycans.
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3.2.9 Summary of G13- and G27-glycan preparation,

characterisation, and future applications

In summary, G27 and G13-glycans were successfully synthesised and characterised.
Using DLS to measure their hydrodynamic diameters, it was found that G27-fucose form
only core/satellite assemblies coated with a monolayer of DC-SIGN molecules after DC-
SIGN binding, where one G27 binds simultaneously to all four CRDs in one DC-SIGN
molecule. Contrastingly, G27-dimannose gives DC-SIGN monolayer coated individual
particles at low PGRs, but has a tendency to form cross-linked species at high PGRs.
The G27-glycans synthesised here were used in a pull-down assay in Chapter 8 to
measure their binding affinity with DC-SIGN. Furthermore, Chapter 8 explored the
modification of these G27- and G13-glycans as affinity probes by addition of a protein
reactive label (sulfonyl fluoride) onto the G27 surface, in order to isolate and identify
proteins from complex cellular mixtures. The synthesis of these probes is discussed in
Chapter 8, where a more detailed discussion of the design principles involved in
constructing an effective affinity probe is first discussed.
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Chapter 4 — Effects of linker length, glycan density and glycan
type in G5-glycan-DC-SIGN/R multivalent binding affinity,

thermodynamics and inhibition of viral infection

4.1 Introduction

In order to exploit multivalent glycoconjugates for applications such as therapeutics,
diagnostics, imaging or other functional purposes, it is of great importance to understand
the mechanisms behind MLGIs.(97) A key aspect of studying MLGls is to link their
binding mode to their binding affinity. Investigating both of these aspects is essential, as
correlating the physical geometry of the interaction with the apparent binding strength
can strongly aid in determining a lectins structural and spatial arrangements, and why
some MLGIs are significantly stronger than others despite sharing similar structural
motifs. In particular, this has been the case for the lectin pair DC-SIGN and DC-SIGNR,
which despite sharing a 77% amino acid homology and the same mannose-binding motif,
have significantly different binding affinities to the same mannose-based glycoconjugate
(3.9 nM vs 152 nM respectively).(115) An investigation into their binding mode via DLS
and TEM allowed for the proposition that the orientation of their CRDs differed, putting
spatial constraints on binding for DC-SIGNR that do not exist for DC-SIGN and this
therefore explains the difference in their binding affinities with the same multivalent GNP-
glycan.(115, 151)

Another way to understand affinity is to measure the thermodynamic contributions to
binding, as this provides scope for revealing the forces governing MLGls. This can inform
whether binding strength arises from enthalpic gains or minimal entropic penalties. The
enthalpic term can infer whether binding is strongly driven by good spatial matches
allowing simultaneous engagement of multiple binding sites, as this value often reflects
the sum of the individual monovalent enthalpies. Comparing the change in enthalpy for
a multivalent interaction to the monovalent interaction can provide quantitative data to
back up the qualitative data collected by DLS binding mode in determining exactly how
many LGIs are occurring in the interaction. Equally, looking at entropy change is also
important. While the entropic term is often negative, the magnitude of this contribution
can indicate the extent of conformational restrictions and the impact this has on binding
affinity. MLGIs which have good spatial match and monolayer binding mode may still
experience low binding affinities due to the entropic cost of constraining long flexible
ligands.(2)

Understanding the thermodynamic aspects of binding can help guide the rational design
of agents to target MLGls. Knowing whether the interactions are driven by entropy or
enthalpy can guide choices based on scaffold size, shape, density and flexibility to
optimise the perfect agent for the desired application. Despite their importance,
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information concerning the majority of MLGI binding modes, and how these modes
influence affinity and underlying binding thermodynamics, remains largely unexplored.
This knowledge gap is primarily attributed to the limitations of current biophysical
techniques in probing these inherently complex and flexible interactions. For instance,
isothermal titration calorimetry (ITC) and surface plasmon resonance (SPR) are two of
the most commonly employed techniques for studying the thermodynamics of binding
interactions, including MLGIs.(182, 183) However, ITC faces challenges in accurately
determining the affinity of cross-linking interactions, which can complicate the
interpretation of ITC data.(141) Similarly, SPR struggles to dissect the individual
contributions of LGIs to the overall MLGI affinity and specificity, as these are heavily
influenced by the density and orientation of the immobilised binding partner on the
surface.(183) Therefore, these conventional biophysical techniques can only provide
partial information, failing to offer a complete understanding of individual lectin binding
thermodynamics, kinetics, binding modes, and binding site orientations, which are all
parameters crucial for both fundamental comprehension and successful therapeutic
development to target specific MLGls.

In light of this, the development of new approaches and techniques is essential to
facilitate more effective strategies to address these challenges and unlock a deeper
understanding of MLGI mechanisms. GNPs have recently emerged as powerful probes
for biological and biomedical research, notably possessing strong fluorescence
quenching properties. Specifically, our group has utilised the strong fluorescence
quenching properties of GNPs to measure the apparent Ky of dimannose coated GNPs
of varying sizes (5 nm, 13 nm and 27 nm) with fluorescently labelled DC-SIGN, revealing
that larger particles have stronger apparent binding affinity (with Kys of 5.8 vs 1.0 vs 0.22
nM respectively).(130) As well as measuring the apparent Ky, these FRET and NSET
assays have been used to look at the enthalpic and entropic contributions to binding
affinity, to explain the inconsistency in the Kys between different size gold nanoparticles
bearing the same glycan. Findings uncovered that while all GNP sizes displayed
negative AS of binding, their absolute values were reduced as GNP scaffold size
increased (-288 vs -207 vs -138 J mol™" K), implying that the unfavourable entropy
changes upon GNP-DC-SIGN binding are reduced with the increasing GNP size. This
has been attributed to larger scaffolds having a higher proportion of unbound surface
ligands which may have largely retained their conformational and rotational degrees of
freedom. The lesser entropic penalty can explain the stronger binding (lower apparent
Kaq) for larger GNP sizes bearing the same glycan.

Using solution-based methods such as FRET and ITC for investigating solution-phase
affinities and thermodynamic of MLGIs has several advantages. They are often simple
to set up, have a high versatility and the ability to be applied to a wide range of molecular
interactions for real-time affinity, equilibrium and kinetic measurements. They are able to
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reveal structural details on the binding mode and importantly, they enable the studying
of binding interactions without introducing significant interference from artificial
constraints, surface artefacts and non-specific binding, which occur with immobilisation
on a surface. However, solution-based chemistry does not accurately mimic the natural
environment where most MLGIs occur, such as cell membrane proteins binding to their

respective ligands in vivo.

Itis important to look at surface-phase chemistry alongside solution-based results to gain
an overall perspective of how the two relate to each other and therefore how solution
based results may be used to interpret in vivo data. The importance of this has been
demonstrated by our groups recent results in an inhibition study where glycan-coated
GNPs have been explored as potential therapeutics for inhibiting viral entry to cells via
the tetrameric lectin DC-SIGN.(115) Four different GNP-glycans were synthesised,
coated in mannose, dimannose or their respective higher density glycan timers (Figure
4.1). The lower density glycans showed weaker binding affinities than their respective
trimers in the NSET based assay, however when these glycan GNPs were applied to the
inhibition of ebolavirus glycoprotein (EBOV-GP)- driven infection of DC-SIGN/R* 293T
cells they showed an enhanced ability to inhibit viral infection (a lower concentration was
required to achieve 50% inhibition) (Table 4.1). It would be expected that higher binding
affinities would lead to a greater inhibition however these results show the inverse.
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Figure 4.1 Schematic of the GNP-glycans used in the NSET quenching assay and viral
inhibition studies. The GNP is coated with glycan ligand containing (A) one, or (B) three
terminal a-mannose (mannose) or a-mannose-(1,2)-a-mannose (dimannose). The
chemical structures of glycan ligands are depicted underneath.
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Table 4.1 Summary of the binding affinities of different GNP-glycans with DC-SIGN,
derived from the quenching efficiency, and the inhibition of EBOV-GP entry into DC-
SIGN* 293T cells with different GNP-glycans, derived from the luciferase activity.(115)

G5-Glycan Kq (nM) ICs0 (NM)
G5-mannose 33.1+2.1 0.26 £ 0.08
G5-(mannose)s 18.7+0.3 1.57 £ 0.25
G5-dimannose 39+0.3 0.095 + 0.017
G5-(dimannose)s 3.6+0.1 0.15+0.031

This study showed that solution and surface based methods may produce different
results. Discrepancies such as these highlight the necessity of studying MLGIs not just
in solution-phase but also in their natural states on cell surfaces. Firstly, this emphasises
the importance of context in measuring the avidity. A lectin glycan pair which exhibit
weak binding in solution may bind strongly when bound to a surface, due to local density
and cooperative binding. Alternatively, a binding event that appears strong on surfaces
may become weak in solution if it relies on fixed geometry for binding. Secondly, the
enthalpy and entropy terms can change drastically between solution and surface phase
experiments. Surface binding might be enthalpically less favourable due to the need
bridge binding sites which are fixed in position, but entropic penalties may be less as
surface bound lectins (or glycans) will have lower starting entropy and therefore suffer a
lower cost upon binding compared to those in solution. Finally, surface conditions favour
the true kinetic and entropic factors involved in the interaction of MLGIs on cell surfaces
where proteins can move laterally, cluster together, and be endocytosed and recycled to
the surface, while glycans diffuse freely, affecting how they interact. Understanding these
conditions provides a clearer picture of how proteins may work together to improve
glycan binding and uptake.(176, 184)

The work in this chapter extended the use of the fluorescence quenching properties of
GNPs to explore the impact of changing the oligo(ethylene glycol) linker length, glycan
valency and a terminal glycan on the binding affinity of G5-glycans with DC-SIGN. By
studying temperature dependent binding affinities in combination with van ‘t Hoff
analysis, the underlying thermodynamic contributions to binding were identified, thereby
revealing how aspects of glycoconjugate design impact binding strength. Furthermore,
ITC was used to verify whether the fluorescence quenching method is a quick, easy and
reliable method for measuring thermodynamic binding parameters and therefore
improving mechanistic understanding of multivalent lectin glycan binding interactions in
solution-phase assays. Additionally, these data were compared to a surface-phase viral
inhibition assay to determine if the solution-phase data can be used as a method for
assessing the viral inhibition potency of G5-glycans at the cellular level. Combining all
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these data, a secondary aim was to identify G5-glycans with a range of binding affinities
for further study in cell-based assays to determine if binding affinity is an important factor
in the modulation of G5-glycan induced cytokine expression. Further work on this can be
found in Chapter 7.

4.2 Results and discussion

4.2.1 Quantifying binding affinity and thermodynamic parameters

via a fluorescence quenching method

Figure 4.2 Schematic depicting the quenching process between excited DC-SIGN-
atto643 upon binding to a G5-EG,-glycan, where hvey is excitation photon energy and
hvem is emission photon energy. At distances greater than 50 nm between G5 and
atto643 labels, no quenching is expected to occur but upon binding, their distance will
be reduced to <50 nm and therefore nanosurface energy transfer (NSET) can occur,
leading to quenching of the atto643 emission. This acts as a readout for binding
quantification.

The principle of the G5-NSET readout for quantifying DC-SIGN (atto643 labelled) binding
to G5-glycans is shown schematically in Figure 4.2. Since NSET can only happen over
a short distance (e.g. < 50 nm), a distinct advantage to this method is that any unbound
lectins (donor) in solution would be too far away to participate in NSET interactions with
the GNP acceptor and hence will not contribute to the NSET signal (Figure 4.2). Thus,
the observed NSET signal is directly linked to the equilibrium of G5-glycan-lectin binding
and, more specifically, the amount of lectins bound to the GNP. Since G5s have a
relatively low absorption extinction coefficient of 1.1 x 10’ M'ecm™, the wide concentration
range required for affinity quantification of weak binders could be measured without
introducing significant inner-filter effects, which occurs when high concentrations of
absorbing molecules reduce the excitation light reaching the sample, leading to an
underestimation of the fluorescence intensity. Furthermore, NSET does not require
spectral overlap as it depends on electromagnetic coupling to the nanoparticles
conductive surface rather than resonance between emission and absorbance
spectra.(185) Therefore, additionally to choosing G5 to minimise absorption of the
excitation wavelength, atto643 was selected as the fluorescent dye as the spectral
overlap between G5 absorption and atto643 emission is marginal. This choice reduces
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any potential secondary inner-filter effect where the atto643 emission would be absorbed
by G5, making the emission appear quenched beyond NSET.

The fluorescence spectra of premixed G5-EGq-glycan + DC-SIGN samples under a fixed
protein:G5 molar ratio (PGR) of 1:1 but with varying protein concentration over a range
of 3-100 nM were recorded at an excitation wavelength (Aex) of 630 nm. All binding
studies were carried out in a binding buffer with 1 mg/mL of bovine serum albumin (BSA).
BSA is a non-target serum protein of high abundance in vivo, and was included in this
assay in order to resemble biological binding conditions as well as reduce nonspecific
interactions and adsorption of proteins and GNPs to Eppendorf and pipette surfaces (a
main source of experimental errors at low concentrations, e.g. < 10 nM). Measurements
were carried out at three different temperatures (22, 27 and 32 °C) for a later analysis of
the thermodynamic contributions to binding.

A typical fluorescence spectrum is given in Figure 4.3A showing the binding of DC-SIGN-
atto643 with G5-EGz-dimannose over a 3-100 nM concentration range. Figure 4.3B
shows that the integrated fluorescence intensity of DC-SIGN-atto643 increases linearly
with concentration but in the presence of a G5-EG,-glycan, this relationship deviates
away from linear, indicating that at higher concentrations, a greater proportion of DC-
SIGN is bound to and quenched by the G5-EGx-glycan.
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Figure 4.3 A) Typical fluorescence spectrum of varied concentrations of DC-SIGN
without (solid lines) and with (broken lines) 1 molar equivalent of G5-EG,-dimannose
(Aex = 630 nm). B) Relationship between fluorescence and concentration in the absence
(red dots) and presence (black squares) of one molar equivalent of G5-EG-dimannose.
In the absence of GNP, the fluorescence is fitted well by a linear relationship, but after
addition of 1 mol. equiv. of G5-EG»-dimannose the relationship deviates more and more
from linear with the increasing concentration, indicating as concentration increases a
greater proportion of DC-SIGN is being bound and quenched.
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In order to derive the apparent Ky, the quenching efficiency (QE) at each concentration
was calculated via Equation 4.1; where IF, is the integrated fluorescence intensity of
labelled DC-SIGN in the absence of G5-EGn-glycan and IF is the integrated fluorescence
intensity of labelled DC-SIGN in the presence of a G5-EGy-glycan.

IR —IF
QE(%) = IR, x 100 Equation 4.1

From this, K4 was calculated by fitting with Hil's Equation (Equation 4.2; where QEnax is
the maximum quenching efficiency, [P] is the protein concentration, Ky is the apparent
equilibrium binding dissociation constant (or effective concentration for 50% binding) and
n is the Hill coefficient which indicates binding cooperativity (where n>1 indicates positive
cooperativity and n<1 indicates negative cooperativity and n=1 indicates no
cooperativity).

E= QEmax [P]n .
QE = K"+ [P Equation 4.2

Here, n = 1 was assumed for all fittings as no cooperativity was expected to occur since
the affinity assays were performed under a PGR of 1 and therefore G5-glycans should
be bound with just one lectin; thus no intermolecular lectin-lectin interactions were
expected to inhibit or promote further lectin-G5-glycan binding. Omitting this fixing step
resulted in non-viable fittings where QEmax >100%. Since quenching is distance
dependent, linkers of the same length were expected to give the same QEmax
independent of the measurement temperature and so the Hill plots for each G5-EG»-
glycan at the three measured temperatures were fitted globally, sharing a QEmax value
(Figure 4.4). The results and remaining fitting parameters are summarised in Table 4.2
where the R? represents how well the fitted curve represents the observed data.
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Figure 4.4 The quenching efficiency - concentration relationship for DC-SIGN binding to G5-glycans made in a 1:1000 GNP-ligand molar ratio at 22 °C
(grey), 27 °C (red) and 32°C (blue) for A) G5-EG,-dimannose, B) G5-EGs-dimannose, C) G5-EG12-dimannose D) G5-EG,-fucose, E) G5-EGe-fucose,
F) G5-EG12-fucose. Graphs were fitted by Equation 4.2 and error bars represent the SDs of duplicate experiments at each concentration.
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Table 4.2 Summary of the fitting parameters of DC-SIGN binding to G5-EGn-glycans
(1:1000). Errors represent the SDs observed by the fitting.

Ligand Temperature (°C) ‘ Ka (nM) ‘ QEmax (%) ‘ R?

22 1.9+0.4 1

EG2-dimannose 27 3.8403 87.5+0.5 1
32 7.1+£0.7 0.999
22 3.5+0.7 0.999
EGe-dimannose 27 8.9+1.5 75.3+1.6 0.998

32 16.0+1.5 1
22 5.8£1.0 0.955

EG12-dimannose 27 14.046.1 64.2+3.4 1
32 30.9+17.1 0.994
22 4.4+0.2 0.999
EG2-fucose 27 8.5+0.8 81.6+0.7 0.997
32 17.9+1.1 0.999
22 3.9+0.6 0.999
EGs-fucose 27 7.1+0.6 69.8+2.1 0.997
32 11.5+1.1 0.999
22 13.9+3.4 0.992
EG12-fucose 27 34.8+6.4 57.6+3.0 0.987
32 86.6+15.1 0.987

Based on these data, four conclusions can be drawn.

(1) Binding of DC-SIGN with G5-EG,-dimannose produced a low nM Ky (1.9 nM). This
value corresponds to ~475 000-fold tighter binding than that obtained for monovalent
binding between dimannose and monomeric DC-SIGN CRD (Ky = 0.9 mM), suggesting
that a polyvalent display of glycans on a G5 surface is a great enhancer of the glycans’
affinity for DC-SIGN.(77)

(2) QEnax decreased with the increasing EG, linker length. Although gold nanoparticles
can quench fluorescence completely in very close proximity, this quenching decays
strongly with increasing distance.(129) Since the G5 particles with longer linkers have a
greater hydrodynamic radii, R, (Table 3.1), the bound DC-SIGN is placed further away
from the gold core, therefore QEmax decreasing with increasing linker length is in line with
the expected result. The maximum quenching efficiency of G5-EG12>-dimannose (R» 8.9
nm) was 64.2% compared to the higher quenching efficiency max for G5-EG,-dimannose
(Rn 6.4 nm) of 87.5%. This trend was also observed for the fucose glycans.

(3) G5-dimannose binding with DC-SIGN was stronger than that of G5-fucose binding.
While the monosaccharide fucose has previously been identified as a binder to DC-
SIGN, much of the literature investigates the relationship between DC-SIGN and fucose
containing glycans such as the Lewis glycans and blood group A/B antigens.(32, 48, 80,
83, 92, 186) Here it has been confirmed that a polyvalent display of fucose alone appears
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to be a strong DC-SIGN binder with Ky as low as 3.9 nM. The weaker binding compared
to dimannose may be explained due to the latter being able to exploit the CRD’s
secondary glycan binding sites, alongside forming further interactions with residues lying
outside the primary binding pocket, such as with Phe313, which enhances binding
interactions and results in a greater affinity enhancement.(74)

(4) Consistent with previous results, the binding affinity of DC-SIGN with G5-EG,-
dimannose was very strong, especially so for the short EG: linker (Kg= 1.9 nM) at 22
°C.(115) Increasing the linker length decreased binding affinity with DC-SIGN (e.g. Kq =
1.9 vs 3.5 vs 5.8 nM for EG2, EGs and EG12, respectively). The decrease in apparent
binding affinity as linker length increases was presumably because the longer EG, linkers
result in a more flexible and disordered terminal glycan with more conformational and
rotational degrees of freedom, and hence there is a greater entropic penalty upon DC-
SIGN binding. It is not immediately obvious from these data why G5-EGs-fucose had a
slightly higher average apparent binding strength at all temperatures than G5-EG.-
fucose, as the entropic penalty of constraining the EGg linker should translate to a weaker
affinity. The cause of such was therefore explored more within the following
thermodynamic studies.

4.2.1.1 An investigation of thermodynamic binding parameters

The results above demonstrate that in addition to the glycan type influencing the
carbohydrate binding strength, other properties such as ligand flexibility also impacts
affinity. This effect is likely due to the introduction of, and balance between, additional
factors such as optimal spatial matches and conformational restrictions upon binding.
While the rigidity of the shorter EG- linkers may promote strong binding by reducing the
entropy cost, the flexibility of the longer EG12 linkers could allow the terminal glycans to
better adapt to the DC-SIGN binding sites, thereby optimising the enthalpy. Achieving a
good balance between rigidity and flexibility can increase avidity by several orders of
magnitude beyond what is achieved solely through statistical rebinding.(187) To better
understand how ligand flexibility affects binding affinity, these influences were explored
by determining the thermodynamic binding profiles of each G5-EG,-glycan.

The binding thermodynamics were obtained by repeating the binding assay at three
different temperatures (22, 27, and 32 °C). As described previously, the respective
apparent Ky values were derived by fitting with the Hill equation. To extract the binding
enthalpy and entropy changes, van 't Hoff plots were constructed by combining the Gibbs
free energy of reaction Equation 4.3 with the Gibbs free energy isotherm Equation 4.4 to
obtain Equation 4.5. Plotting the natural log of K4 (InKq) vs the reciprocal of temperature
(1/T) affords a linear plot from which to extract the binding enthalpy and entropy (AH=mR,
AS =-cR where m is the gradient, c is the y intercept and R is the perfect gas constant).
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AG®° = AH° —TAS Equation 4.3
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Figure 4.5 van 't Hoff analyses of the In(Kq)-1/T relationships for DC-SIGN binding with
A) G5-EG,-dimannose (grey), G5-EGs-dimannose (red), G5-EG12-dimannose (blue) or
with B) G5-EGz-fucose (grey), G5-EGe-fucose (red), G5-EGio-fucose (blue). C)
Comparison of the standard (T = 298 K) enthalpy (orange), entropy (green), and Gibbs
free energy (purple) changes of G5-EGn-dimannose (1:1000) binding with DC-SIGN. D)
Comparison of the standard (T = 298 K) enthalpy (orange), entropy (green), and Gibbs
free energy (purple) changes of G5-EGn-Fucose (1:1000) binding with DC-SIGN. SDs

represent fitting errors.
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Table 4.3. Summary of the thermodynamic parameters for G5-glycan (1:1000) binding
with DC-SIGN. SDs represent fitting errors, or are propagated from SDs obtained in
Figure 4.5A/B.

Ligand AH°(kJd mol') AS°(J mol'K') -TAS°(kJ mol-') AG°(kJ mol') 2P
EG2-dimannose -97.2+2.5 -162.1+8.3 48.312.5 -48.9+3.5
EGe-dimannose -109.3+12.4 -208.7+40.7 62.2+12.1 -47.1+17.4
EG+2-dimannose -126.4+2.3 -271.0£7.5 80.8+2.3 -45.6+3.2
EGo-fucose -104.7+3.1 -194.5+10.0 58.0+3.0 -46.7+4.3
EGe-fucose -77.4+3.9 -101.4+12.9 30.2+3.8 -47.1+£5.5
EG+2-fucose -137.2+1.1 -314.2+4.2 93.7+1.2 -43.5+1.7

2 Error (8) propagated from AH° and AS° according to §AG°® = /(8AH°)? + (8TAS®)?

b at 298 K

The thermodynamic parameters for G5-glycan binding with DC-SIGN are summarised in
Table 4.3. For total binding enthalpy change (AH°), if all four CRDs in each DC-SIGN
molecules are engaged in glycan binding, this value should equal ~ 100 kJ mol™, about
4-fold that of the corresponding monovalent DC-SIGN CRD: glycan binding measured
by ITC (25.6 kJ mol™ and 28.4 kJ mol™ for dimannose and fucose respectively, Figure
A. 21).(77) The total multivalent binding entropy change (AS°®) of this polyvalent
interaction includes contributions from translational, rotational and conformational
entropies of the binding partners (G5-glycan+lectin) as well as a contribution from the
changes associated in the entropy of the surrounding solvent molecules.(2) On the basis
of the data presented in Table 4.3 four conclusions have been drawn.

(1) Binding is thermodynamically favourable as dictated by the negative Gibbs free
energy (AG®) and is therefore spontaneous. Since the AG° values for all G5-EGn-glycan
(1:1000) samples are within error of each other, this indicates the energy release from
binding is not strongly affected by linker length or glycan identity.

(2) AH° values for binding of most G5-glycans with DC-SIGN is around 4-fold that of the
corresponding monovalent binding measured by ITC, indicating successful binding of all
four CRDs in each DC-SIGN molecules. The G5-EGe-fucose particle, however, has a
AHe of -77.4 kJ mol™" correlating to only 3-fold monovalent binding enthalpy suggesting
that for this G5-glycan under these conditions, only three CRDs were engaged upon
binding. Looking at the hydrodynamic size, surface valency, and deflection angles
calculated in Chapter 3, it may be possible to explain why G5-EGs-fucose behaves this
way. Considering this set of G5s(1:1000) alone, G5-EGs-fucose has the widest deflection
angle (10.1°) which could result in a sub optimal spatial match for four DC-SIGN CRDs,



95

however, exploration of the surface valency in Section 4.2.2 negates this by showing full
tetrameric binding at wider deflection angles. This G5-EGe-fucose-DC-SIGN interaction
is therefore anomalous and the reasoning of such needs further investigation, but it is
beyond the scope of this chapter.

Excluding this anomalous result, enthalpy change upon binding becomes increasingly
more negative as linker length increases. While these values are similar enough to 4-
fold that of equivalent monovalent CRD binding to free dimannose/fucose to suggest that
tetrameric binding is occurring, it does also indicate that the length of the EG, linker
connecting the glycan to the G5 core has some impact on binding enthalpy changes. It
is likely that the flexibility of the longer EG12 linkers allows the terminal glycans to adapt
well to the DC-SIGN binding sites, thereby leading to enthalpically enhanced binding.

(3) Consistent with previous reports, generally the longer linker lengths (EG+2) described
here are associated with a lower binding affinity than the shorter linkers.(119) As
expected, the lower binding affinities correlate with an increase in entropic penalty which
is due to the negative cost of constraining more flexible, disordered linkers upon binding.
G5-EG2-dimannose has a binding entropic penalty of -162 + 8.3 J mol'K™ and an
apparent Ky of 1.9 nM (at 22°C) compared to G5-EG12-dimannose which has a larger
binding entropic penalty of -271 + 7.5 J mol'K™" and a correspondingly weaker apparent
Kqof 5.8 nM.

Interestingly, the G5-EGs-fucose sample which appeared to bind with only three CRDs
still showed a stronger apparent binding affinity than its EG. counterpart, this is likely
linked to the lower entropic penalty associated with constraining only three linkers per
DC-SIGN rather than four. Therefore, three binding events still provides a high affinity
enhancement, due to reduced binding entropic penalty.

(4) All bindings between G5-glycan and DC-SIGN are thermodynamically favourable (all
with negative binding AG° values). All bindings have negative AH° values (favourable
binding enthalpy) and negative AS° values (unfavourable entropy changes), and
therefore binding is enthalpically driven.

4.2.2 Exploring the effect of G5 surface glycan valency on binding

affinity and the associated thermodynamic contributions.

The ability of a glyconanoparticle to achieve effective multivalent enhancement depends
not only on the crucial relationship between the type of surface glycan and their affinity
for individual lectin binding sites but also on the chelate effect where two or more ligands
on the same scaffold have the capacity to bind multiple sites simultaneously.(188) This
capability is influenced by the spatial arrangement of the surface glycans as well as the
scaffold shape/size, and the flexibility, density and valency of the ligand. Our group has
previously explored the impact of factors such scaffold size, scaffold shape and the
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degree of functionality on lectin binding capabilities, and so far this work has started to
explore the flexibility of the glyconanoparticle by changing the linker length.(115, 120,
130). This section further explores the spatial arrangement and the effect of glycan
valency on DC-SIGN binding.

It is important to investigate such matters in order to develop a greater understanding of
what underpins pathogen binding in vivo. Pathogens carrying the same glycan on their
surface are able to be identified and discriminated between despite their surface glycan
similarities.(176) It is thought this is due to the affinity, pattern and valency of a pathogens
surface glycans, enabling targeted detection by cells. Therefore, exploring the detailed
and specific recognition in vitro by changing glycan presentation can aid in a better
understanding of the mechanisms behind pathogen detection, and therefore enhance
the development of drugs or agents to combat infections or diseases, with fewer harmful
or off-target side effects.

Since strong binding in MLGls is dependent on a good spatial match between binding
partners, it is possible that tuning the surface valency of a glycoconjugate could afford
the glycan ligands a more suitable spatial topology to form stronger interactions with DC-
SIGN. While employing high valency scaffolds introduces large affinity enhancements
based off statistical rebinding effects where the high local concentration of ligand can
cause rapid rebinding after ligand dissociation, it is not necessarily a technique targeted
at finding an optimal spatial match, where a complimentary ligand to the tetrameric DC-
SIGN CRD platform can introduce favourable enthalpy enhancements.(189) To address
this, designing smaller or lower-valency scaffolds is an excellent alternative strategy for
targeting DC-SIGN with high precision. However, achieving this requires a delicate
balance between the rigidity and flexibility of the linkers to optimise binding interactions,
ensuring that at least two or more lectin CRDs are able to engage simultaneously to
induce the desired affinity enhancement.(188, 190)

Previously in this group, valency has been controlled with the use of monomers vs.
trimers and also dilution of GNP surface glycan ligands with an inert spacer ligand of the
same overall EGy- linker length. Here, the ratio of G5: ligand during the G5 cap exchange
process has been modified to tune the number of glycans on the surface of each G5
particle. In addition to the saturated 1:1000 ratio, two further sets of G5-glycans were
synthesised at G5:ligand ratio of 1:500 and 1:300, the resulting G5 glycan valencies can
be seen in Chapter 3. Importantly, when these G5s were characterised, the
hydrodynamic size analysis for the 1:300 ratio revealed sub-nm size differences between
those with EGs and EG1> linked glycans, suggesting the lower valency of the G5 surface
and the greater inter-glycan distance allows the linkers to fold in on themselves, reducing
the effective hydrodynamic diameter of the particles. These folded PEG ligands may
exhibit fewer degrees of freedom compared to their extended counterparts due to
structural constraints imposed by intramolecular interactions such as hydrogen bonding,
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which limits their conformational flexibility.(191) This would lower the starting entropy
before binding, potentially affording these linkers a lower entropic penalty upon binding.
Furthermore, the G5-EG»,-glycans made in a 1:300 ratio tended to exhibit cross-linked
binding modes. Here, an investigation into the enthalpy changes of binding can confirm
whether this is due to one G5-EGz-glycan engaging fewer than 4 CRDs on one DC-SIGN
molecule.

G5-EGn-glycans (1:500, 1:300) were mixed with DC-SIGN and quenching efficiency was
measured as previously described from Equation 4.1. Their Hill plots were constructed
by comparing concentration vs quenching efficiency (Figure 4.6, Figure 4.8) to extract
the binding affinities which are summarised in Table 4.4 and Table 4.6. van ‘t Hoff plots
were then similarly plotted (Figure A. 22-23) to extract the thermodynamic binding
parameters (Figure 4.7, Figure 4.9). A summary of the thermodynamic parameters can
be found in Table 4.5 and Table 4.7.
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Figure 4.6 The quenching efficiency - concentration relationship for DC-SIGN binding to G5-glycans made in a 1:500 GNP-ligand molar ratio at 22 °C
(grey), 27 °C (red) and 32°C (blue) for A) G5-EG,-dimannose, B) G5-EGs-dimannose, C) G5-EG12-dimannose D) G5-EG,-fucose, E) G5-EGe-fucose,
F) G5-EG12-fucose. Graphs were fitted by Equation 4.2 and error bars represent the SDs of duplicate experiments at each concentration.
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Table 4.4 Summary of the fitting parameters of DC-SIGN binding to G5-EGn-glycans
(1:500). Errors represent the SDs as observed by the fitting.

Ligand Temperature ( °C) ‘ Ka (nM) ‘ QEmax R?
22 2.0£0.5 0.999
EGz-dimannose 27 5.1+0.6 71.6%1.3 0.999
32 7.7+1.4 0.996
22 2.1£0.7 0.999
EGe-dimannose 27 3.0+0.5 70.2t1.4 0.999
32 7.3+20.6 0.996
22 3.7£0.8 0.996
EGi2-dimannose 27 9.6+1.3 50.9+1.2 0.999
32 19.1£2.0 0.996
22 5.6x0.4 1
EG2-fucose 27 7.9+£0.5 77.0£1.2 1
32 17.241.9 0.998
22 4.1£0.6 0.999
EGs-fucose 27 7.6+0.6 79.441.2 0.999
32 18.242.1 0.999
22 7.9+1.9 0.995
EG12-fucose 27 221145 59.4+3.2 0.989
32 41.8+10.1 0.987
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Figure 4.7 Comparison of the standard (T = 298 K) enthalpy (orange), entropy
(green), and Gibbs free energy (purple) changes of A) G5-EG,-dimannose (1:500)
binding with DC-SIGN, B) G5-EG,-fucose (1:500) binding with DC-SIGN. SDs
represent fitting errors.
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Table 4.5 Summary of the thermodynamic parameters for G5-EG,-glycan (1:500)
binding with DC-SIGN. SDs represent fitting errors, or are propagated from SDs obtained

in Figure A. 22.
Ligand AH°(kJd mol')  AS°(J mol'K')  -TAS° (kJ mol-') AG°(kJ mol') 2P
EGo2-dimannose  -95.2+3.0 -158.0+£100.1 47.1+30.0 -48.1+30.1
EGe-dimannose  -112.1+2.3 -211.2+76.5 63.0£22.8 -49.1+£22.9
EG12-dimannose  -118.1+1.1 -239.4+35.8 71.4+£10.7 -46.7+10.7
EGo-fucose -85.8+17.4 -132.2+58.2 39.4+17.4 -46.4+24.6
EGe-fucose -111.2+10.0 -209.5+33.3 62.5+£9.9 -48.7+14.1
EG+2-fucose -124.9+14.8 -268.5+40.1 80.1+14.6 -44.8+20.8

@ Error (6) propagated from AH° and AS° according to §AG°® =

®at 298 K

V(BAH®)2 + (8TAS°)?
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Figure 4.8 The quenching efficiency - concentration relationship for DC-SIGN binding to G5-glycans made in a 1:300 GNP-ligand molar ratio at 22 °C
(grey), 27 °C (red) and 32°C (blue) for A) G5-EG,-dimannose, B) G5-EGs-dimannose, C) G5-EG12-dimannose D) G5-EG,-fucose, E) G5-EGe-fucose,
F) G5-EG12-fucose. Graphs were fitted by Equation 4.2 and error bars represent the SDs of duplicate experiments at each concentration.



102

Table 4.6 Summary of the fitting parameters of DC-SIGN binding to G5-EGn-glycans
(1:300). Errors represent the SDs as observed by the fitting.

Ligand Temperature ( °C) ‘ Ka (nM) ‘ QEmax R?

22 4.310.8 0.997

EG2-dimannose 27 7.1+0.9 70.1£1.0 0.999
32 11.241.4 1

22 3.840.5 0.999

EGe-dimannose 27 7.211.0 67.8+£1.1 0.998
32 16.2+1.7 1

22 47104 0.999

EGi2-dimannose 27 9.310.5 68.51£0.9 0.999
32 20.0+1.4 1
22 54+1.0 1
EG2-fucose 27 7.1£11 72.310.8 1

32 10.1£1.0 0.998

22 6.0+0.6 0.999

EGe-fucose 27 9.9+1.5 67.8+£1.1 0.998
32 22.4+3.3 1

22 11.6+2.6 0.994

EG12-fucose 27 30.05.7 53.7+£0.03 0.994

32 74.0£9.0 0.998

A) G5-EGn-dimannose (1:300) [_]AH B) G5-EGn-fucose (1:300) ] AH
[ ]-Tas [ ]-Tas
100 | []aG 100 4 [ ]aG
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Figure 4.9 Comparison of the standard (T = 298 K) enthalpy (orange), entropy (green),
and Gibbs free energy (purple) changes of A) G5-EG,-dimannose (1:300) binding with
DC-SIGN, B) G5-EG;-fucose (1:300) binding with DC-SIGN. SDs represent fitting errors.
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Table 4.7 Summary of the thermodynamic parameters for G5-EG,-glycan (1:300)
binding with DC-SIGN. SDs represent fitting errors, or are propagated from SDs obtained
in Figure A. 23.

Ligand AH°(kJ mol')  AS°(J mol'K') -TAS°(kJ mol-') AG°(kJ mol') 2P
EGo-dimannose  -71.3%1.4 -81.5+5.0 24.3£1.5 -47.0+2.1
EGe-dimannose -109.4+7.6 -209.5+24.9 62.5+4.7 -46.9+10.6
EG12-dimannose -109.2+5.7 -210.3+18.3 62.7£5.5 -46.4+7.9
EGo-fucose -48.2+3.8 -5.0+13.3 1.514.0 -46.7£5.4
EGe-fucose -96.1+12.5 -167.9+41.6 50.1£12.4 -46.1+17.6
EG12-fucose -138.6+0.7 -317.6+2.5 94.7+0.7 -43.9+1.0

2 Error (8) propagated from AH° and AS° according to §AG°® = /(SAH°)? + (8TAS®)?
b at 298 K

First, taking each synthesis ratio as an individual data set, similar conclusions may be
drawn as those made in a 1:1000 ratio. To simplify this, the analysis has been split into
sections (1) binding affinity, (2) entropy, (3) enthalpy, and (4) quenching efficiency.

(1) For both 1:300 and 1:500 ratios, G5-EG,-dimannose remained a stronger binder with
DC-SIGN than G5-EG,-fucose when comparing those with the same linker length,
synthesis ratio and temperature. For 1:300, binding affinity decreased as linker length
increased, however for 1:500 the binding affinity for EG2- and EGe-glycans were much
closer in value despite the higher associated entropic cost for EGs. Here it is possible
that the increased entropic cost of binding EGs-glycans is balanced out by the better
spatial match due to the deflection angles and ligand flexibility (see point 3).

(2) AS° generally became increasingly more negative with increasing linker length. As
one exception, AS® for G5-EGs and EG42 dimannose made in the 1:300 ratio were
equivalent (-209.5 + 24.9 and -210.3 + 18.3 J mol'K™", respectively) however, these data
are consistent with the D, measurements. These two samples also have equivalent
hydrodynamic sizes (12.1 £ 1.7 and 12.2 + 2.8 nm, respectively) despite the differences
in EG chain length. The lower valency of G5-glycans made in a 1:300 ratio gives the
EG12 linkers enough space to fold back on itself and therefore this result can be explained
by the longer EG12 linker having a lower starting entropy due to its folded nature and
intramolecular interactions between chains limiting their conformational degrees of
freedom, therefore causing them to experience a similar penalty to EGs- upon binding.
The entropic penalties observed can also be closely linked to enthalpy and the number
of engaged DC-SIGN CRDs, as discussed in point 3.
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(3) For EGe¢/12 linked glycans, AH® remained around 4-fold that of monovalent binding.
On the other hand, the G5-EG.-glycans showed smaller changes in AH° upon binding,
equalling roughly 2 or 3-fold monovalent binding, suggesting the density of the glycans
on the surface were too sparse to effectively engage all four CRDs of DC-SIGN at once.
This was consistent with the cross-linked binding modes observed for G5-EG»-
dimannose (1:300) in Chapter 3. EG, fucose/dimannose (1:300) have the greatest
deflection angles of all G5-glycans made (18.3 + 2.8° and 17.9° + 0.2°, respectively)
which combined with the shorter reach and greater rigidity, results in them being unable
to bridge all four CRDs in one DC-SIGN tetramer hence the lower AH® values of -48.2 +
3.8 and -71.3 + 1.4 kJ mol™, respectively. G5-EG,-dimannose (1:300) being able to
engage three CRDs while G5-EGz-fucose (1:300) seemingly only engages two, is likely
related to the larger dimannose disaccharide being able to bridge the gap where
monosaccharide fucose cannot. A similar trend is observed with G5-EG>
fucose/dimannose (1:500) where G5-EG,-fucose seems to, on average, only engage 3
CRDs (AH° = - 85.5 + 17.4 kJ mol™") whereas G5-EG.-dimannose can engage all four
(AH° = -95.2 + 3.0 kJ mol™).

For the longer linkers (EGs, EG12), AH° remained ~ -100-140 kJ mol” suggesting the
longer and more flexible nature of these linkers adapts well to successfully bind all four
CRDs, which was also consistent with the reduced volume of cross-linked species as
linker length increased in Chapter 3. The entropy data supports this with values as low
at -5.0 J mol™' K" for EG; linkers due to the lower cost of constraining only 2 linkers per
tetramer. AS° is restored to more than -150 J mol” K™ when tetravalent binding is
occurring for EGe/12 linkers.

(4) In contrast to the 1:1000 ratios, QEmax for the 1:500 and 1:300 ratios did not
necessarily decrease as linker length increased as would be expected. For example,
QEnax for EG2,6,12- dimannose made in a 1:300 ratio are 70.1 + 1.0, 67.8 + 1.1 and 68.5
+ 0.9 % respectively, which considering the errors, are roughly the same. However, this
result is consistent with their comparable Dy values, allowing them to place the
fluorophores at similar distances from the G5 core upon binding.

Further conclusions can be drawn when looking to compare the thermodynamics
between the three synthesis ratios. Splitting into the same subcategories as before:

(1) Changing the valency did not have a large impact on binding affinity when comparing
linkers of the same length and temperature, despite the sometimes large differences in
thermodynamic profiles. This highlights the importance of further investigation into the
mechanisms behind binding, as the binding affinity alone would suggest little impact of
changing valency. This also brings to light how binding affinity is a fine balance between
glycan density and linker flexibility, affecting both the binding enthalpy and entropy
changes.
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(2) AS® for G5-EG12-dimannose became less negative as valency decreased (-271.0 £
7.5 vs -210.3 + 18.3 J mol'K™" for 1:1000 and 1:300 respectively) indicating a reduced
entropic penalty upon binding. This is likely due to the lower valency providing the longer
linkers sufficient space to folding inwards creating intermolecular interactions between
chains, thereby reducing their initial degrees of freedom and lowering the starting
entropy. Furthermore, upon DC-SIGN binding, GNPs with lower glycan density may
largely retain their flexibility due to fewer steric constraints. Even with the protein bound,
the linkers may still have space to move more freely whereas those with high density,
may experience large steric constraints between the bound protein and close by
neighbouring PEG chains, limiting their flexibility and conformational freedom.

(3) As the synthesis ratio decreased from 1:1000 to 1:500 to 1:300, AH® values became
less negative for G5-EGy-glycans (-97.2 + 2.5, -952 + 3.0, -71.3 + 1.4 kJ mol
respectively for dimannose and 104.7 + 3.1, 85.8 + 17.4 , 48.2 + 3.8 kJ mol™ respectively
for fucose) showing that as valency decreased (and the inter-glycan distance increased),
the lack of reach/flexibility in the short EGz-linker was not allowing for tetravalent binding
to occur, and the distance between each glycan was an imperfect match for the
arrangement of DC-SIGN CRDs. This effect on binding affinity was likely balanced out
by a reduction in entropic penalty. Values of AH® for the EG¢/EG12 length linkers at each
ratio remained remarkably consistent across the synthesis ratios (e.g. for G5-EGi2-
fucose: -137.2 + 1.1, -124.9 + 14.8, -138.6 = 0.7 kJ mol™ for 1:1000, 1:500 and 1:300
respectively or for G5-EGg-dimannose: -109.3 + 12.4, -112.1 £+ 2.3 and -109 + 5.7 kJ
mol™, respectively) highlighting the important role of flexible ligands in bridging CRDs at
lower glycan densities.

Overall G5-glycans made in a 1:1000 and 1:500 ratio show the greatest consistency
between apparent binding affinity, maximum enthalpy enhancement and minimum
entropic cost, indicating that a valency of above ~350 on a G5 provides an optimal
combination of spatial topology, linker entropy and local concentration for statistical
rebinding to generate strong binding to four DC-SIGN CRDs. Although G5-EG2-fucose
(1:500) may not bind 4 CRDs this is more consistent than G5-EGs-fucose (1:1000) which
based off conclusions drawn from 1:500 and 1:300 ratios does not fit the profile for
trivalent binding and therefore appears to be an outlier.

4.2.3 Measuring thermodynamics via isothermal titration

calorimetry

Comparing binding AH® values for G5-EGn-glycans to those measured by ITC for
monovalent CRD binding generally showed a good consistency, with AH® matching 2-,
3- or 4-fold monovalent binding enthalpy change. However this does appear to be
somewhat dependent on linker length with EG12 linkers consistently showing greater than
4-fold monovalent binding enthalpy change, suggesting G5-EG12-glycans partake in
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enthalpically enhanced binding (where the binding of one glycan to its lectin binding site
makes the binding of subsequent glycans more favourable). To validate the NSET
method and for further confirmation that the flexible linkers provided a more favourable
enthalpy enhancement, the enthalpy for the same samples were measured by ITC.

ITC measurements were performed by titrating high concentration DC-SIGN (30 uM) into
G5-glycans (300-700 nM) in the ITC cell to measure the binding induced heat changes.
The ITC titration curves and resulting fittings are shown in Figure 4.10 and Figure 4.11
and the binding enthalpy changes and dissociation constants are given in Table 4.8 and
Table 4.9.
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Figure 4.10 ITC thermograms and their respective fitting curves for wild type DC-SIGN
with G5-glycans made in a 1:1000 G5:ligand ratio A) G5-EGz-dimannose, B) G5-EGe-
dimannose, C) G5-EG1,-dimannose, D) G5-EG,-fucose, E) G5-EGs-fucose, F) G5-EG12-
fucose. Error bars represent uncertainties in the integrated heats.
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Table 4.8 Summary of the standard binding enthalpy (T = 298 K) and apparent binding
affinity between G5-EGn-glycans (1:1000) and DC-SIGN obtained by ITC. Errors
represent the SDs as observed by the fitting. * Data represents only one sample.

Sample AH°(kJ mol) Ka (UM)

G5-EGz-dimannose -104 + 25 0.33+0.27
G5-EGe-dimannose -154 + 25 0.89+0.44
G5-EG12-dimannose* -115 + 56 0.87 + 0.51
G5-EG2-fucose -127 £ 27 0.12+0.12
G5-EGe-fucose -139 £ 25 0.22 +0.21
G5-EGiz-fucose -154 + 50 1.54 £ 1.16

Several of the titrations presented above are incomplete and do not exhibit full sigmoidal
isotherms. As a result, the calculated enthalpy changes and apparent binding affinities
are best estimates made from the available data. Despite this, generally, the enthalpy
values collected by ITC were found to be consistent with those measured by
fluorescence quenching, indicating that the quenching method is a reliable way to
measure thermodynamic contributions in MLGls. Discrepancies were observed between
the enthalpy of binding for G5-EGe-fucose (1:1000) where the value measured by
quenching was -77.4 kJ mol™ compared to -139.3 kJ mol” by ITC. Since -77.4 kJ mol’
corresponds to 3-fold monovalent binding, and no other sample in this data set was
observed to experience trivalent binding, the cause of this lower enthalpy value by NSET
is likely to be an experimental error, or batch to batch variability. Further repeats would
be needed to confirm such.

As well as showing good consistency between the number of DC-SIGN CRDs bound to
each G5 glycan, the AH° values measured by ITC generally trend towards becoming
increasingly more negative as linker length increases, matching this observation made
in the NSET quenching experiment. This is further confirmation that the quenching
experiment is a reliable method for measuring solution-based thermodynamic
contributions to binding, and that flexible linkers induce enthalpically enhanced binding.

While the general trend in AH® values tends to agree with the NSET results, the quality
of the ITC data and the large errors do limit the certainly with which interpretations and
conclusions that can be drawn. Some of these limitations have arisen due to the curves
not exhibiting sigmoidal shapes, especially those for the G5-EG1>-dimannose and G5-
EG2-fucose binding. When the ITC titration curve fittings are not fully sigmoidal, they
cannot be used to accurately extract enthalpy values and the quoted values are instead
approximations based on the available data. Since the ITC thermograms for binding
between G5-EGi>-dimannose and DC-SIGN did not plateau within the concentration
range used (Figure 4.10C) the G5-concentration was decreased from 500 nM to 300 nM,



108

albeit for G5-EG+,-fucose, to promote saturation of the G5-glycans with DC-SIGN and to
facilitate a plateau in the thermogram. However under these new conditions, the curves
still not exhibit strong sigmoidal shape (Figure 4.10F). To get into a high-c regime and
generate sigmoidal thermograms, the ideal solution would be to increase the
concentration of both the species in the cell and the syringe.(139) Unfortunately, the DC-
SIGN concentration used for this experiment was already very high (30 uM tetramer) and
increasing this further could cause protein aggregation, introducing unwanted or
unpredictable effects in the ITC results.

On the other hand, G5-EG»-dimannose (1:1000) binding quickly reached plateau (Figure
4.10A) therefore when measuring fucose binding, concentration of G5-EG,-fuose
(1:1000) in the cell was increased to 700 nM. This unfortunately had the opposite effect,
and binding was unable to reach a plateau after many injections. Again therefore, the
enthalpy value quoted by this fit may not be a true representation of the actual binding
enthalpy. It is also noteworthy to mention that the errors observed in the ITC fitting are
large (>1/4 of the mean value) and many of the enthalpy values are statistically
indistinguishable from each other despite different average values. Large errors here
mean the goodness of the fit does not change much as the parameters are varied.

A striking difference between the quenching and ITC data is the apparent binding
affinities. It should be noted that while ITC can provide accurate measurements of the
binding AHe values, the binding between NSET and ITC is observed on very different
time scales. When measured by NSET, the system has reached equilibrium (e.g. 20
minute incubation time) whereas in ITC the measurement occurs on the second
timescale. Therefore the ITC signal reflects the initial binding events and does not
consider any subsequent conformational rearrangement to achieve optimal binding
which can have an impact on the measured apparent binding affinity. These
rearrangements are associated with negligible additions to the enthalpy change, as most
of the enthalpy comes from the initial placement of the sugar within the protein binding
site, and therefore are not considered in these measurements. Therefore while ITC can
offer complimentary information on binding affinity, it cannot be used to directly compare
values derived from an assay where a system has reached equilibrium.

ITC was also performed on glycans prepared in a 1:500 G5:ligand ratio. While performing
the titrations on G5-EGn-fucose (1:500) samples, a large drift in the thermogram baseline
was observed making the measurement of the heat of injection more complex. Causes
of baseline drift in ITC are usually buffer mismatches or sample aggregation, however,
G5-glycans were washed thoroughly with the protein dialysis buffer and post-experiment
analysis revealed a close match in buffer pH. Fida analysis, which looks at size, shape
and aggregation of macromolecules, revealed the DC-SIGN sample to be 95%
homologous with low levels of aggregation. Hydrodynamic size analysis of the resulting
mixed G5-DC-SIGN samples by DLS showed some signs of cross-linking or aggregation
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indicated by the presence of species between 100-1000 nm in size, however, the
predominant species remained ~40-45 nm indicating mostly monolayer binding (Figure
A. 24) and therefore the cause of baseline drift, in this instance, is still unknown. Despite
the baseline drift (especially observed in Figure 4.11C), one data set for each G5-EG,-
fucose sample were fitted as described before. The ITC titration curves for G5-EGp-
fucose (1:500) and G5-EGn-dimannose (1:500) are shown in Figure 4.11 and

summarised in Table 4.9.
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Figure 4.11 ITC thermograms and their respective fitting curves for wild type DC-SIGN
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Table 4.9 Summary of the standard binding enthalpy (T = 298 K) and apparent binding
affinity between G5-EGn-glycans (1:500) and DC-SIGN obtained by ITC. Errors
represent the SDs as observed by the fitting. * Data represents only one sample.

Sample AH°(kJ mol) Ka (UM)

G5-EGz-dimannose -117 £13 0.18 £0.12
G5-EGe-dimannose -120 £ 20 0.47 £ 0.33
G5-EG12-dimannose -92 + 25 0.45+0.39
G5-EGz-fucose* -95+10 0.36 + 0.28
G5-EGe-fucose” -155+ 20 0.21 £ 0.10
G5-EG12-fucose* -142 + 21 0.63 + 0.30

The enthalpy values measured by ITC and the quenching show a good comparability.
Notably, the enthalpy change of binding for G5-EGz-fucose (1:500) is -94.5 + 10.0 kJ
mol™, which is lower than the EGe- and EG12 -linked fucose (-155 + 19.5 kJ mol™ and
142.1 + 20.9 kJ mol”" respectively). This corresponds well to the quenching experiment
where it was observed that G5-EG,-fucose (1:500) had a lower enthalpy change of
binding of around -85 + 17 kJ mol”, more likely indicating trivalent binding than
tetravalent. As discussed in Section 4.2.2, this is likely due to the low valency and short
rigid linkers creating a poor spatial match for tetrameric DC-SIGN binding sites. Although
the fitting of the ITC thermogram for G5-EG12-dimannose shows an apparent enthalpy
change of ~ -92 + 24.5 kJ mol”, the binding under these conditions does not reach
saturation in the given concentration range and therefore does not give rise to a
sigmoidal curve. From this shallow curve, AH is likely underestimated.

Overall, despite some large uncertainties in the fitting measurements, the enthalpy
measured by ITC is a good match to that measured by the fluorescence quenching
experiment in Section 4.2.1.1, thus confirming that this GNP-quenching technique is a
valid, sensitive method for investigating the binding thermodynamics of MLGls.
Furthermore comparing these values to those measured with monomeric DC-SIGN CRD
and monovalent ligand, it can be accurately determined how many DC-SIGN CRDs in
the tetramer are engaged in binding upon mixing with a G5-glycan sample. This has led
to a greater understanding of what aspects of glycoconjugate design give rise to strong
tetravalent binding to DC-SIGN in solution.

Although ITC is a well-established technique which has been used to validate the
quenching experiment, in this instance the fluorescence quenching was more reliable in
terms of producing consistent and repeatable measurements. This technique was also
quicker and easier to carry out, requiring a smaller sample size and lower concentrations.
It can provide accurate apparent binding affinity after equilibrium had been reached,
taking into account reorganisation and if necessary (under a non 1:1 PGR) can also
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provide information on binding cooperativity. It does, however, require a fluorescently
labelled protein, and is an indirect measurement of AH®, which uses the van ’'t Hoff
equation and therefore requires measurements at multiple temperatures. The strong
inner filter effects of GNPs interferes with QE measurements at very high concentrations
(>100 nM) and thus this technique is more suited to strong binding (sub uM Kj). On the
other hand, ITC is a validated, label-free technique (e.g. does not require a fluorescently
labelled protein). It also provides a direct measurement of AH° using only one
measurement temperature. However, ITC it requires much higher concentrations (30 uM
DC-SIGN compared to 100 nM in quenching) due to its relatively low sensitivity
compared to the fluorescence quenching measurements. This pushes the DC-SIGN and
GNP samples towards their concentration limits, which may be impacting the quality of
the data extracted from these experiments. To maintain low heat of dilution background
signal, ITC also requires perfect buffer exchange meaning sample preparation time can
be increased compared to the fluorescence quenching assay. Overall, due to the higher
quality fittings observed in the quenching experiment, the lower protein concentration
and the inclusion of factors such as cross-linking and cooperativity, in this instance, the
quenching experiment has been more valuable method for measuring the binding affinity
and thermodynamics of G5-glycans interacting with DC-SIGN.

4.2.4 Measuring antiviral properties with a viral inhibition cell assay

With the intention to understand the binding of membrane proteins with their respective
glycans in a natural environment, or on a cellular level, MLGIs must also be investigated
via surface based methods. This enables the correlation between solution based and
surfaced based methods, to be able to more accurately predict binding behaviour in vivo.
In order to explore the binding of G5-glycans on cell surfaces, a cellular viral inhibition
assay was conducted.

The strong binding affinities of these dimannose and fucose coated-G5s with the viral
receptor DC-SIGN suggests that they may effectively block DC-SIGN mediated viral
entry into cells. DC-SIGNR is a closely related tetrameric lectin to DC-SIGN, sharing
77% amino acid homology, with the greatest areas of sequence sharing being within the
CRD domain and the neck region.(192) Despite their close homology, DC-SIGN is found
mainly on dendritic cells whereas DC-SIGNR is expressed on endothelial cells, and using
QD/G5-glycans it has been shown that the spatial orientation of their CRDs differ. DLS
measurements accompanied by TEM imaging of binding induced lectin-nanoparticle
assemblies showed that DC-SIGN binding to QD/G5-glycans afforded a monolayer of
DC-SIGN molecules bound to each QD/G5-glycan surface, but contrastingly when DC-
SIGNR was used, large aggregates were formed, due to many cross-linking interactions.
These results have provided evidence that the CRDs in each DC-SIGN molecule are all
oriented upwardly providing a good binding platform for one QD or GNP, whereas the
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CRDs in DC-SIGN are oriented away from each other, facing outwards and forming a
platform for cross-linking interactions. The difference in the orientation of the CRDs
provides an explanation for their ability to augment different viral infections. DC-SIGN is
known to be more effective in augmenting the infectivity of some HIV strains than DC-
SIGNR while only DC-SIGNR, but not DC-SIGN, can effectively promote West Nile virus
infection.(193-195)

The following viral inhibition assays were prepared and performed by Inga Nehimeier,
Amy Madeleine Kempf, and Professor Dr Stefan Péhimann (German Primate Center,
Géttingen, and Faculty of Biology and Psychology, Georg-August-University Géttingen).
To investigate whether G5-glycans can effectively block DC-SIGN/R mediated viral entry
into cells, human embryonic kidneys 293T cells were transfected with either DC-SIGN
or DC- SIGNR on their surface. Vesicular stomatitis virus (VSV) vector particles encoding
the luciferase gene and bearing the Ebola virus surface glycoprotein (EBOV-GP) were
then used to model Ebola virus entry into transfected cells. EBOV-GP is heavily
mannosylated and can use DC-SIGN/R to attach and gain entry to the cell, therefore
using the EBOV-GP here ensures vector entry into cells will be enhanced by DC-SIGN/R
transfection (Figure 4.12A). If the VSV/EBOV-GP particles encoding the luciferase gain
entry into the cells, then expression of the luciferase protein is induced. Cells can then
be lysed and a luciferase substrate (Beetle-Juice, PJK) is added. Oxidation of Beetle-
Juice by luciferase results in light emission, dependent on the quantity of luciferase
present and is therefore a good method to measure viral entry (Figure 4.12B).

To test the validity of the assay, VSV/EBOV-GP particles were added to mock cells
(unmodified 293T) or 293T cells transfected with either DC-SIGN or DC-SIGNR. As
expected, those ftransfected with DC-SIGN/R showed a 10+ fold increase in
luminescence activity compared to the mock cells, indicating VSV/EBOV-GP entry into
cells is enhanced by DC-SIGN/R transfection. Mock cells still showed an increase in
luminescence compared to when no VSV/EBOV-GP particles were present, indicating
the entry of VSV/EBOV-GP is enhanced by DC-SIGN/R but is not completely specific to
these receptors and can gain entry through other means. Entry of VSV/VSV-G particles
(which use the VSV-glycoprotein (VSV-G) to enter the cell through the low-density
lipoprotein receptor (LDL-R)) remained unaffected by transfection confirming entry of
VSV/VSV-G is independent of DC-SIGN/R (Figure 4.13).
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Figure 4.12 Schematic depicting the different methods of VSV/EBOV-GP or VSV/VSV-
G infection in cells expressing DC-SIGN/R and the consequent luciferase activity where
A) shows that VSV/EBOV-GP entry is enhanced by DC-SIGN/R transfection on the cell
surface whereas VSV/VSV-G entry is independent of the presence of DC-SGN/R on the
cell surface and is instead dependent on the receptor LDL-R, broadly expressed on many
cell types without modification and B) shows the process of luciferase expression and
consequent oxidation leading to a luminescence activity which is used for inhibition
quantification.
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Figure 4.13 In the absence of inhibitors and after transfection with DC-SIGN (blue) or
DCSIGNR (green) uptake of VSV/EBOV-GP is increased 10-fold, reflected in the
luciferase activity/luminescence, compared to mock un-transfected cells (red). Entry of
VSV/VSV-G remains high showing uptake is independent of transfection. When no VSV
particle (containing the luciferase gene) is present, luminescence is very low, confirming
luminescence is dependent on the uptake of VSV vector particles.
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Since entry of VSV/EBOV-GP is enhanced by DC-SIGN/R, binding of high affinity G5-
glycans should effectively block viral entry thereby reducing luciferase gene transduction
and protein expression. G5-glycans prepared in a 1:500 particle to ligand ratio were used
in this study as they exhibited the strongest binding affinities and most consistent binding
parameters to DC-SIGN between the fluorescence quenching assay and ITC. The raw
inhibition data is presented in Figure A. 25-26, and the normalised concentration-
dependent inhibition data were well fitted by Equation 4.6; where NA is the luciferase
activity normalised to the corresponding control collected in the absence of the G5-
glycan, ICso is the concentration giving 50% inhibition, C is the log of G5-glycan
concentration, and p is the hill slope which indicates how sensitive the response is to the
change in concentration of the inhibitor.(196, 197) A p value close to (-)1 indicates a high
sensitivity to concentration changes, whereas a value of (-)0.5 indicates a lower
sensitivity.

1
~ 1 + 1000gICc50—0)p Equation 4.6

NA

While the ICso value is important in determining the efficacy of viral inhibition, the Hill
slope p is also of importance. For example, if two inhibitors exhibited the same 1Cso but
had p values of (-)0.5 or (-)1, using the Hill Equation 4.7 where I is the fraction of inhibition
(e.g. 99%), [C] is the G5-glycan concentration and ICso is the concentration for 50%
inhibition and p is the hill slope, then the [C] required for 99% inhibition will be 9801- or
99- times the 1Cso value, respectively. Therefore, an inhibitor with p = 0.5 would be much
less effective than that with p = 1 requiring ~100- fold higher concentrations to achieve
the same 99% inhibition despite having the same ICso value.

[C]P
~ IC507 + [C]P Equation 4.7

Indeed, pre-treatment of 293T cells with G5-glycans greatly reduced the luciferase gene
transduction in DC-SIGN-positive cells, with ICses in the low nanomolar range, indicating
high inhibition potency (Figure 4.14). Importantly, compared to VSV/EBOV-GP,
luciferase activities of control virus particles bearing VSV-G, which do not use DC-
SIGN/R to enhance cell entry, were not greatly affected by G5-glycan treatment,
confirming a degree of selectivity of the observed inhibitory effects (Figure 4.14A/B). The
small but observable reduction in luciferase activity when using VSV/VSV-G at high G5
concentration may suggest the presence of a non-specific inhibitory pathway by these
G5 particles. The ICso data for each G5-glycan is summarised in Table 4.10.
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Figure 4.14 Plot of normalised luciferase activities of DC-SIGN- or DC-SIGNR-
expressing 293T cells as a function of the concentration of A) G5-EGz-dimannose B) G5-
EG.-fucose C) G5-EGe-dimannose D) G5-EGe-fucose E) G5-EGio-dimannose F) G5-
EGi2-fucose inhibitors. Data for virus particles bearing the EBOV-GP are shown in dots
(grey for DC-SIGN, red for DC-SIGNR) while those of control virus particles bearing VSV-
G are shown in triangles (blue for DC-SIGN, purple for DC-SIGNR). Graphs were fitted
by Equation 4.6 and error bars represent the SDs of duplicate experiments at each
concentration.
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Table 4.10 Summary of the inhibition data for G5-glycans against DC-SIGN/R mediated
EBOV-GP driven infection of 293T cells. Errors represent the SDs as observed by the
fitting.

Glycan ICs0 (nM) P R? ICs0 (nM) P R?
DC-SIGN DC-SIGNR
EG2-dimannose 0.14+£0.008 0.82+0.04 0.940 0.46+£0.04 0.77£0.05 0.985

EGe-dimannose 0.16+0.009 0.81+0.04 0.973 | 0.31x0.13 0.66+0.17 0.959

EGiz-dimannose | 0.21+0.03 0.79+0.08 0.974 | 0.34+0.06 0.72+0.08 0.967

EG2-fucose 0.17+0.03 0.84+0.13 0.957 - -
EGes-fucose 0.39+0.05 0.92+0.09 0994 | - -
EGi2-fucose 0.25+0.05 0.67+0.09 0982 | - -

While G5-EG,-dimannose were able to effectively block both DC-SIGN and DC-SIGNR
mediated cell entry, the 1Csos for inhibition via DC-SIGNR were weaker. These results
are consistent with previous observations in this group that G5-glycans bind more weakly
to DC-SIGNR than to DC-SIGN.(115, 119) The difference in inhibition potency by G5-
dimannose for DC-SIGN vs DC-SIGNR can be explained by the different positioning of
their four CRDs. Each G5-dimmanose could simultaneously bind to all four of DC-SIGN’s
upwardly facing CRDs, completely blocking them from being able to interact with viral
surface EBOV-GPs, thereby preventing cell entry. In contrast, binding between G5-
dimannose and DC-SIGNRs outwardly positioned CRDs only allows each G5-
dimannose to bind divalently via two outward facing binding sites (Figure 4.15A). This
bridging mode of binding consequently makes it difficult to block all cell surface DC-
SIGNRs, since even if all DC-SIGNR are cross-linked, those at cluster edges could still
serve as a platform for VSV/EBOV-GP binding, thereby still facilitating some cell uptake
and infection. Consequently, an inhibitor partaking in inter cross-linking is less effective
in blocking virus infection compared to one that binds simultaneously, making complete
inhibition almost impossible.

DC-SIGN mediated inhibition with G5-EGh-dimannose showed a dependency on linker
length, with ICso increasing as ethylene glycol units increased. This correlates well to the
NSET results where EG2- and EGe- dimannose exhibited similar binding affinities but
EGi.-dimannose showed a notably weaker binding affinity. Alongside this, as linker
length increased the absolute value of the Hill slope decreased, indicating poorer ICgg
(e.g. a markedly higher concentration would be required for 99% inhibition for the longer
EG12 linkers) (Table 4.11).
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Table 4.11 Summary of the predicted ICg9 G5-glycans against DC-SIGN/R mediated
EBOV-GP driven infection of 293T cells calculated from Equation 4.7 using the values
expressed in Table 4.10. Errors are propagated from the fitting errors obtained in Figure
414

Glycan IC99 DC-SIGN (nM) @ ICo9 DC-SIGNR (nM) 2
EG2-dimannose 38+ 11 180 £ 71
EGes-dimannose 47 £13 327 £ 603
EG12-dimannose 71143 201 £ 147
EG2-fucose 40 £ 35 -
EGe-fucose 58 £ 29 -
EG12-fucose 238 £ 224 -

@errors propagated from IC50, p, 81C50 and dp.

In contrast, the observed results for DC-SIGNR inhibition showed that longer EGs and
EG12 linkers have stronger average potencies (lower ICso) of 0.31 £ 0.13 and 0.34 + 0.06
nM, respectively compared to the shorter EG; linker with an 1Cso of 0.46 £ 0.04 nM. While
it is noted that the differences here are rather small considering the errors, the difference
in the average values may be explained by the longer linkers being able to
simultaneously bind 4 outwardly facing DC-SIGNR CRDs, where EGa-linkers cannot.
This agrees with the data in section 4.2.2, where it was observed that, especially at low
glycan valency, the longer linkers were more effective in bridging four CRDs due to their
greater reach and flexibility. Alternatively G5-EGe/12-dimannose may have a large
enough diameter to be able to cross-link two DC-SIGNR cell surface receptors and block
transfection more efficiently this way than shorter linkers (Figure 4.15B).

When looking at the calculated concentrations required for 99% inhibition in DC-SIGNR
transfected cells, the dependency on linker length was reversed and a lower
concentration of G5-EG,-dimannose would be required than of G5-EGes-dimannose or
G5-EG12-dimannose. This is likely because at low (<1 nM) concentrations, the linker
length is important as the low ratio of G5:DC-SIGNR requires cross-linking to achieve
efficient inhibition (e.g. three G5 bridging five DC-SIGNR), whereas at higher
concentrations, there is a great enough excess of G5 that linker length becomes
redundant and two G5s with shorter linkers may bind one DC-SIGNR, therefore binding
affinity becomes the more important factor (Figure 4.15C).

While all G5-fucose glycans strongly inhibited viral entry through DC-SIGN,
unexpectedly the ICso for EGs-fucose was somewhat weaker than EG12-fucose (0.39 vs
0.25 nM respectively) caused by the lack of inhibition at the two lowest concentrations
for G5-EGe.fucose (Figure 4.14D). Despite this, taking into account the Hill slope, the
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concentrations required to observe a 99% inhibition were calculated to follow a linear
pattern with increasing linker length (ICg9 = 40, 58 and 238 nM for EG»-, EGe-, and EG12-
fucose, respectively (Table 4.11)), further highlighting the importance of considering both
the 1Cso and the Hill slope p. Fucose coated glycans showed an inability to inhibit DC-
SIGNR mediated transduction. This result was expected as studies have revealed DC-
SIGNR is unable to bind fucose containing ligands.(80)
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Figure 4.15 Schematic showing the different binding modes for G5-glycans with DC-
SIGN/R leading to variations in inhibition ability. A) Depicts how for DC-SIGN expressing
host cells, G5-glycans can bind simultaneously to all four CRDs, blocking EBOV-GP
binding and therefore stopping viral infection. However for DC-SIGNR expressing cells,
G5-glycans either cross-link with other surface DC-SIGNRs or only bind 2 CRDs,
allowing the virus access to unblocked DC-SIGNR binding sites thereby initiating
infection. B) lllustrates how at low concentrations, G5-glycans with a longer linker length
of EG12 may be more effective at blocking DC-SIGNR mediated infection as they can
either bind 4 outwardly facing CRDs simultaneously, or cross-link multiple DC-SIGNR
molecules therefore blocking more sites, whereas shorter linkers do not have the reach
to bind 4 outwardly facing CRDs simultaneously, or cross-link, and therefore are less
effective at inhibiting viral infection. However, C) shows that at high concentrations, two
G5-EGz-glycans can bind one DC-SIGNR and therefore are more effective at blocking
infection than EG12-glycans since they exhibit stronger binding affinities.
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Overall, the excellent ability of these G5-glycans, especially so for the G5-EG-linked
glycans, in blocking DC-SIGN mediated augmentation of EBOV-GP-dependent entry is
a highly promising result. The low nM ICs values (0.14 + 0.008 and 0.17+ 0.03 nM for
G5-EGz-dimannose and fucose, respectively) are comparable/of the same order of
magnitude than those measured for some of the most potent glycoconjugate inhibitors
of Ebola virus infections reported previously, including our groups’ previous QD-EGs-
dimannose (ICso: 0.70 = 0.2 nM).(119, 186, 198, 199) This is important since
glycoconjugate viral inhibitors offer two key advantages over other antiviral approaches.
Firstly they can help prevent viral mutations by blocking the virus from entering host cells,
and secondly their effectiveness is less likely to be diminished by viral mutations, since
viral glycans are mainly conserved. Therefore the outstanding potency of the G5-glycans
in blocking DC-SIGN-mediated EBOV-GP driven infection of host cells can potentially
provide a long-lasting therapeutic solution to numerous viral infections which exploit DC-
SIGN for host cell entry.

4.3 Conclusions

In summary, this chapter has demonstrated the capability of these polyvalent G5-
glycan’s for probing multivalent lectin-glycan interactions. Firstly, by exploiting the
fluorescence quenching properties of GNPs and using a ratiometric NSET method, the
apparent binding affinities of G5-glycans with the dendritic cell receptor DC-SIGN were
revealed to be greatly enhanced over that of monomeric mannose and fucose.
Furthermore this method allowed for the dissection of the thermodynamic contributions
of G5-glycans to the affinity enhancement mechanisms in MLGIs. These data revealed
that increasing the EG, linker length which connects the glycan to the gold nanoparticle
surface has a negative impact on binding affinity. This negative impact on binding affinity
was found to be to be driven largely by the increased entropic penalty incurred upon
constraining long flexible linkers. Furthermore, while decreasing the surface glycan
valency did not have a large impact on overall binding strength, the thermodynamic
contributions showed variations, helping to elucidate that at lower surface valency, the
two binding partners are ineffectively spatially matched making it difficult to form
tetravalent 1:1 binding, especially so for the shortest, relatively rigid linkers. Despite this,
binding of only two/three CRDs was counteracted by the reduced entropic penalty of only
constraining two linkers and thus the binding affinity was largely unaffected. Without
probing the thermodynamics, these binding modes would be concealed behind the
consistently low nM binding affinities at each valency. Comparing the NSET results to
those collected by conventional biophysical techniques such as ITC has verified this
ratiometric GNP-NSET readout to be a reliable method for probing the thermodynamic
contributions between G5-glycan-DC-SIGN based MLGlIs.
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Although this NSET-based approach offers an excellent platform for analysing the
solution-phase MLGIs and their associated thermodynamic properties, the complexities
MLGIs might experience in their native surface-phase environments are unaccounted
for. Therefore in order to determine whether measuring solution Ky is a reliable method
for predicting how receptors behave on the cell surface, an in cellulo viral inhibition assay
was performed to extract their antiviral properties. During this experiment, G5-glycans
were revealed to be potent inhibitors against DC-SIGN/R mediated EBOV-GP infection
and uptake by human cells. Previously, discrepancies in trends between solution and
surface-phase assays have been observed. For example, of two samples, the one that
exhibited a stronger binding affinity (lower Ky) did not equate to being the stronger
inhibitor, and had a higher ICso (weaker inhibitor) than the weaker binder, which could
have been due to the very high glycan density leading to rigid structures unable to adapt
to the binding surface of these lectins on surfaces where there exist constraints that do
not exist in solution. Thus, some obvious differences between solution phase and cell
surface-phase binding are sometimes found to occur. In this example the study was
comparing surface glycan density (monomer vs trimer) whereas the focus of this chapter
was an investigation of the effects of the linker length, while keeping the glycan density
constant across the different G5 samples, and there were notably fewer discrepancies
between Ky and ICso than previously observed. It is likely that the lower density used
here (~350 glycans per G5) allowed the glycans to adapt well to the binding platforms of
these lectins in both solution and on surfaces, allowing for the dissection of the
contribution of linker length without interference from steric factors.

The ICso values for DC-SIGN mediated inhibition largely follow a trend, that increasing
linker length decreased inhibition potency, especially when taking into account hill slope,
which describes the efficiency of the inhibitor and can be used to calculate the
concentration required to achieve higher levels of inhibition. Here, the cell-based
inhibition data was a close match for K4. While ICso and Ky cannot be compared directly
as they do not describe the same thing, a positive correlation was observed where a
lower Ky equalled a lower ICso, and their relative values when comparing shorts linkers
(EG2, EGe) with the longer linkers show the same fold differences. For example EG2/e-
dimannose have a 1.4-2-fold stronger binding affinity (lower Ky) than EG12-dimannose at
22°C and the ICsp of EGge-dimannose is again 1.5-fold lower (stronger inhibitor) than
EGi2-dimannose. Furthermore G5-EGn-dimannoses were observed to be both stronger
binders and better inhibitors than G5-EGn-fucoses. While cell based assays account for
more complexities than solution based assays, they do not provide the high level of
molecular detail involved in MLGIs, such as binding mode, binding affinity or
thermodynamics therefore performing these assays in tandem and comparing the
outputs provides a more comprehensive understanding of their broader mechanisms.
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Overall, the close alignment between the apparent K4 and I1Cso values confirm that the
NSET-based Ky determination is a reliable and efficient method for rapidly assessing the
viral inhibition potency of G5-glycans at the cellular level. These findings are important
for informing the development of multivalent therapeutics targeting specific MLGls,
particularly those with uncharacterised structures. It is suggested that future directions
for this chapter would focus studying lower valency G5-glycans in the viral inhibition
assay. While synthesising G5-glycans in a 1:300 G5:ligand ratio did not largely impact
the binding strength when compared to their higher ratio counterparts, the
thermodynamic parameters such as enthalpy and entropy were indeed affected with the
implication that some samples bind only two of the four DC-SIGN CRDs. With this in
mind, it would be interesting to observe whether reduced CRDs binding capabilities has
implications in cellulo on inhibition potency.
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Part B

Using glyconanoparticles to investigate DC-SIGN driven |L-23 production
relevant to the seronegative spondyloarthropathies, and to identify additional
contributing receptors
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Chapter 5 — Introduction

Several human diseases including psoriasis, psoriatic arthritis, Crohn’s disease and
ulcerative colitis, are associated with single nucleotide polymorphisms in the IL-23
receptor pathway. These conditions have robust experimental models confirming IL-
23/IL-17 axis dependency and importantly, they respond to anti IL-23 directed therapy.
On the other hand, ankylosing spondylitis, which shares the same immunogenetics,
enigmatically shows little to no clinical benefit from IL-23 antagonism.(200)

Whilst lipopolysaccharide and fungal adjuvants are excellent inducers of IL-23 in various
experimental systems, the in vivo factors that regulate IL-23 production, both
overproduction and downregulation, remain poorly defined. Knowledge of the precise
regulation of this pivotal IL-23 pathway is crucial, as the IL-23 pathway plays a central
role in shaping immune responses. For example, the normal intestinal microbiota could
be key to modulating the IL-23 pathway, offering a potential route to the development of
novel strategies towards controlling inflammatory disease. This chapter gives an
overview of the potential regulators of the IL-23 axis in vivo.

5.1 The immune system

The immune system is a complex network of molecules many of which have specialised
roles, tailored for detecting and defending the body against infections whilst maintaining
protection and regulation against the body's own cells. There are two branches to the
immune system, the innate and the adaptive. Innate immunity is the body’s first line of
defence against invading microbes. Cells of innate immunity include phagocytes
(neutrophils, monocytes, macrophages, dendritic cells), cells that release inflammatory
proteins (basophils, mast cells, and eosinophils), and natural killer cells. Adaptive,
acquired, or ‘specific’ immunity creates an immunological memory after an initial
infection. Cells of the adaptive immune system include lymphocytes such as B cells and
T cells. Adaptive immunity provides long-term protection from specific pathogens by the
acquisition of pathogen-specific receptors and antibodies which remain in the system,
primed to defend against a repeat infection.(201)

DCs in particular are a crucial line of defence against invading pathogens.(202)
Distributed ubiquitously in tissues, immature DCs are able to sense invading pathogens
and present processed antigens to T cells, thereby establishing an important link
between the innate and adaptive immune response.(48, 202) This instrumental innate
immune defence system first relies on the detailed recognition of conserved structures
expressed on pathogenic surfaces called pathogen associated molecular patterns
(PAMPs).(202, 203) These are recognised by PRRs expressed on the surface of DCs.
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DCs display a vast repertoire of PRRs, including but not limited to TLRs and CLRs
enabling them to detect a wide range of microbial signatures.(204) Upon binding to their
respective PAMPs, these PRRs elicit distinct signalling cascades that trigger the
transcription of specific cytokines and chemokines, which help to shape the downstream
immune response to be appropriate to the nature of the threat. Each PRR elicits a distinct
cytokine profile and the cross-talk between these signalling pathways is critical in fine
tuning the magnitude and quality of the resulting adaptive immune response to different
pathogens.(92, 93, 205)

The immunological plasticity exhibited by DCs is a direct result of their heterogeneity in
terms of their location, phenotype and immunological functions, allowing them to shape
specific immune responses to a diverse range of pathogens. However, since each PRR
can have a broad or overlapping specificity, oftentimes pattern recognition is ambiguous,
especially in cases where ligands share a common structural motif, thus potentially
facilitating the ability of one PRR to bind to a large number of pathogens.(36, 80) To
counteract this and ensure a precise response to each pathogen, presentation of
antigens to T cells is a more specific process, allowing further discrimination between
the pathogen recognised and the resulting immune response.

5.1.1 T cell activation

Following recognition of a specific component of an invading pathogen by a PRR,
immature DCs capture and internalise the pathogen and process it into specific antigens,
triggering DC maturation. During this time, receptors for antigen capture are down-
regulated, whereas molecules for antigen presentation, such as major histocompatibility
complexes (MHC) | and Il, and co-stimulatory molecules for T cell activation are
upregulated and expressed on the surface of DCs.(206) This pathogen processing and
antigen presentation by DCs is the prime determinant in T helper (Th) cell activity.(207)
T helper cells are prolific cytokine producers and their differentiation in response to
antigen presentation is therefore crucial in helping to support the immune system in
dealing with the infectious agent appropriately.

The processed antigens displayed as peptides by DC surface MHC Il molecules are
received by T cells via the T Cell Receptor (TCR).(208) TCR generation is achieved
through random splicing of TCR gene segments, gene rearrangement and various
processes of receptor diversification.(209) Expression of the resulting receptors is
achieved clonally, ensuring that each naive T cell represents a unique T cell receptor.
TCR diversity is vast thus permitting the T cell system to recognise a myriad of antigens,
both endogenous and exogenous. While TCRs can be highly specific, with a single
change in the amino acid sequence of a peptide sometimes being able to abrogate
binding, due to the immensity of receptors, cross-reactivity is also observed.(210-212)
Many different TCRs can recognise the same antigenic peptide and many similar
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antigenic peptides can be recognised by the same TCR.(210-212) The balance between
specificity and cross-reactivity allows the immune system to recognise a wide range of
pathogens, whist maintaining the ability to determine between self and non-self antigens,
a key aspect of controlling autoimmunity.

Furthermore the activation of naive T lymphocytes requires co-stimulatory signals
involving the interaction of accessory molecules on APCs.(213) Co-stimulatory
molecules are up-regulated upon recognition of peptide antigens and are mandatory for
the induction of an effective immune response. The absence of co-stimulatory receptor
engagement results in T cell anergy and abrogation of T cell proliferation.(214, 215)

CD80 and CD86 are co-stimulatory molecules for T cells and are recognised by CD28,
a receptor constitutively expressed on CD4" T cells.(216) Similar to solo engagement of
antigens by TCR, CD28-CD80/86 engagement alone has little effect on T cell responses,
showing that signalling through CD28 is a co-stimulatory event.(217) Following activation
through CD28, T cells up-regulate cytotoxic T-lymphocyte antigen 4 (CTLA-4) on their
surface.(218, 219) CTLA-4 also binds to CD80/86 with a ~100 fold higher affinity than
CD28, but sends antagonistic signals to down regulate T cell responses.(220, 221) This
interaction is an essential part of T cell regulation and is important in maintaining immune

homeostasis.(222) CTLA-4 also aids in maintaining self-antigen immunity.

Alongside both MHC Il and CD80 engagement, a third signal is required for T-cell
priming. Activation of PRRs trigger signalling cascades which result in the activation of
transcriptional factors which control cell survival, transcription of DNA, and production of
pro-inflammatory cytokines, chemokines and additional inflammatory mediators in
different types of innate immune cells. The production and presence of these cytokines
at the point of T cell priming becomes the third signal to determine the direction of the
immune response (Figure 5.1).(223)

One of the central transcription factor families involved in this process is nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), which consists of five
structurally related members, including NF-kB1 (p50), NF-kB2 (p52), RelA (p65), RelB
and c-Rel.(224) In resting cells, NF-kB proteins are typically retained in the cytoplasm in
an inactive state due to association by a family of inhibitory proteins such as IkB family
members.(225, 226)

Activation of NF-kB is a hallmark of most infections and is critical for initiating innate and
adaptive immune responses. Although DCs, macrophages and neutrophils express
distinct PRRs and signalling cascades, they all utilise NF-kB pathways to drive the
expression of pro-inflammatory cytokines and other immune mediators.(226) NF-kB is
activated by a broad range of stimuli including ligands which bind TLRs, CLRs, the T cell
receptor and B cell receptor.(227)
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In the canonical activation pathway, ligand-receptor interactions initiate a signalling
cascade that activates the IkB kinase (IKK) complex, which consists of two catalytic
subunits (IKKa and IKKB) and a regulatory subunit known as IKKy or NEMO (NF-kB
essential modulator). Activated IKK phosphorylates IkB at N-terminal serine residues,
marking it for ubiquitination and subsequent degradation. This degradation frees NF-kB
dimers (predominantly p65/p50 or p50/p50) which translocate to the nucleus.(228) Once
in the nucleus NF-kB binds specific DNA sequences known as kB response elements
which recruit RNA polymerase Il to initiate transcription of target genes. The resulting
mRNA is translated into proteins which coordinate inflammation, immune cell

recruitment, pathogen clearance and T cell differentiation.(229)

In addition to the canonical pathway a non-canonical NF-kB pathway centred around
RelB and P52 exists. This is activated by a distinct set of PRRs such as tumour necrosis
factor receptors (TNFR), and regulates processes such as B cell maturation,
homeostasis and lymphoid organ development (Figure 5.1).(230)
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Figure 5.1 Schematic depicting three essential signals for successful T cell
differentiation and the NF-kB pathways to generating cytokines. Recognition of a
pathogen triggers a degradation sequences that results in peptides being presented to
the TCR via MHC Il molecules. CD80 and CD86 are upregulated upon pathogen
recognition and DC maturation, which bind CD28/CTLA-4 on T cells. This co stimulation
is essential for T cell activation. Thirdly, pathogen recognition initiates NF-kB pathways
for transcription of cytokines. The canonical NF-kB pathway leads to degradation of the
inhibitory protein IkB, allowing P50 and P65 subunits to translocate to the nucleus where
they can initiate transcription. A non-canonical RelB-P52 heterodimer may sometimes
translocate to the nucleus upon stimulation of tumour necrosis factor receptors (TNFR)
leading to transcription of alternative cytokines essential for B cell development,
homeostasis or lymphoid organ formation.

5.1.2 T cell differentiation

Once activated via MHC Il, CD80/86 and cytokines, naive T cells differentiate into one
of several lineages of T helper (Th) cells. These include Th1, Th2 and Th17, and Tregs
among others, and are defined by their pattern of cytokine production and function
(Figure 5.2).(231) The commitment to each lineage is orchestrated by the lineage-
defining transcription factors, T-bet, Gata3, RORyt and FOXP3 for Th1, Th2, Th17 and
Tregs, respectively, which bind specific DNA sequences and ultimately control their
cytokine expression profiles. Various studies conducted in the early ‘90s showed that
Th2 cell differentiation occurred in the presence of both interleukin (IL)-2 and IL-4.(232-



128

234) Following this, Murphy et al. revealed that Th1 cells could be differentiated from
CD4" T cells if IL-4 was neutralized and IL-12 was added to the culture.(235)

Th1 cells principally secrete the cytokine interferon-y (IFN- y) whereas Th2 cells produce
IL-4 as their signature cytokine.(236, 237) Typically Th1 immunity creates a pro-
inflammatory response which is important for defence against intracellular microbes and
viral infections whereas Th2 cells, which are important for the eradication of large
pathogens, parasites and helminth infection, evoke a less inflammatory antibody
response which is directed more towards tissue repair.(238) There is moderation
required in the development of Th1 and Th2 cells. Uncontrolled Th1 driven immunity can
lead to a breakdown in self-tolerance, uncontrolled tissue damage and onset of
autoimmune diseases, where Th1 cells are directed against self-antigens such as those
involved in rheumatoid arthritis. Th2 responses will moderate this Th1 activity, but
excessive or uncontrolled Th2 expression is instead associated with allergic
diseases.(239) The need for Th1/Th2 balance to avoid the onset of disease is of vital
importance and hence the pathways to the production of Th1 or Th2 are highly regulated
by distinct transcriptional factors.(238) It is, however, susceptible to manipulation by
pathogens. The nature of pathogens manipulating Th1 and Th2 responses is well
exemplified by Candida albicans whereby the yeast form activates DCs to produce IL-
12. IL-12 primes Th1 cells by activating signal transducer and activator of transcription 4
(STAT4) which upregulates the expression of IFN- y and leads to Th1 production.(240)
Contrastingly, the hyphal form of C. albicans inhibits IL-12 and induces IL-4 secretion,
leading to STAT5 mediated production of Th2 cells.(82, 237)

A third category of T helper cells, Th17, drive IL-17 production that is vital for neutrophil
activation and immunity against extracellular pathogens including bacteria and
fungi.(241) For efficient Th17 differentiation IL-23, IL-6 and transforming growth factor-3
(TGF-B) are likely to be present during T cell priming (Figure 5.2).(242) Similar to Th1
cells, Th17 cells drive inflammation, but by enabling neutrophil recruitment, they have
evolved to be more sufficiently equipped for host protection against microbes that Th1
or Th2 immunity are not well suited for, including extracellular bacteria and some
fungi.(243) Since their discovery the early 2000s, Th17 cells have received considerable
attention due to their inextricable link to several autoimmune diseases and inflammatory
disorders such as psoriasis, psoriatic arthritis and inflammatory bowel disease.(244-246)

Alongside Th1, Th2 and Th17 cells, both T regulatory (Treg) and T follicular helper (Tfh)
cells have also been described. As well as being involved in the regulation of Th1, Th2
and Th17 responses, Treg cells are essential in maintaining self-tolerance to commensal
microbiota.(247) Tfh cells support antigen specific B cell immunity and aid in the
production of germinal centres in secondary lymphoid organs.(248)
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Figure 5.2 An overview of CD4" T helper (Th) cell differentiation into different T helper
cell lineages including Th1, Th2, Th17 and Treg. The cytokines required for
differentiation into these specific lineages are shown on the left. Differentiation in the
presence of these cytokines activates different transcriptional factors (shown inside the
cell) which leads to unique signalling cascades and subsequent production of additional
cytokines indicated on the right, which help define the specific Th type.

5.2 IL-23 cytokine

Of special interest under the umbrella of Th17 immunity was the discovery of the
interleukin-23 cytokine that was shown to be crucial for IL-17 production and also the
emergence of data strongly linking this IL-23/IL-17 axis to anti-fungal immunity.(249, 250)
The IL-23/IL-17 axis also plays a pivotal role in the pathogenesis of both psoriasis and
psoriatic arthritis and the allied seronegative spondyloarthropathies; a family of
rheumatologic disorders affecting the joints. Additionally both fungal infections and
psoriasis show a propensity for the scalp, the nails and the groin areas.(251) Blockade
of the IL-23/IL-17 axis has proven to be very effective for these disorders, however,
signalling pathway and cytokine regulation in vivo for such diseases is still poorly
understood.(252)

IL-23 is a heterodimeric cytokine, discovered in 2000 and classified as a member of the
IL-12 cytokine family.(253) There are currently four known members of the IL-12 family
in man; IL-12, IL-23, IL-27 and IL-35. While IL-12, IL-23 and IL-27 are secreted by
activated antigen presenting cells such as macrophages and DCs, IL-35 is a product of
regulatory T and B cells.(254, 255) Cytokines are grouped into families based of their
amino acid homology and structural characteristics and the IL-12 family cytokines are
categorised together as such based on the sharing of subunits and cellular receptors
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with each other. IL-12 family members have unique structural properties, and each
comprise of a four-helix a unit and a B unit (Figure 5.3).(254) Chain pairing promiscuity
between a and B subunits results in the generation of the four family members: IL-12
(p35 + p40), IL-23 (p19 + p40), IL-27 (p28 + EBI3), and IL-35 (p35 + EBI3) (Figure
5.4).(253, 256-258)

Figure 5.3 Crystal structures of IL-12 (PDB: 1F45), IL-23 (PDB: 5MXA) and IL-27 (PDB:
7ZXK) showing their four a-helix (green) and B-sheet (orange) subunits. A high-
resolution crystal structure of the fully assembled IL-35 heterodimer is not readily
available.

The IL-12 cytokines have arange of functions and are capable of triggering the
promotion or suppression of inflammation and autoimmunity. Since IL-12 and IL-23 share
the common p40 subunit, they were initially expected to have similar immune functions
however it later transpired that their structural similarity does not relate to functional
similarity. While it was initially thought that IL-23 would be an imitator of IL-12, these two
cytokines appear to have profoundly different and unique roles in regulating host
immunity.(259) IL-12 is a proinflammatory cytokine produced by dendritic cells in
response to microbial pathogens, and binding of this cytokine to the receptor complex
IL-12RB1/ IL-12RB2 leads to STAT4 mediated signalling which is critical in driving the
typical Th1 response, characterised by INF-y production.(260, 261) On the other hand,
papers published in the early 2000 by multiple authors demonstrate that although 1L-23
is a proinflammatory cytokine which also relies on STAT4, IL-23 ultimately drives IL-17
production from a subset of CD4" T cells.(262) To substantiate this claim, and explore
the distinct immune responses to IL-12 and IL-23, transgenic mice were subjected to
overexpression of the p19 IL-23 subunit. These mice were found to be afflicted with
systemic inflammation and premature death, and furthermore these mice were found to
have consistently elevated levels of neutrophils, but not INF-y suggesting that IL-23 had
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a substantially distinct biological role to that of IL-12.(263) Thus, as briefly described
earlier, the concept of Th17 cells was born.(264) Consistent with the structural and
biological similarities of IL-12 and IL-23, the IL-23 receptor complex shares a p40-binding
subunit with that of IL-12 (IL-12RB1); however, the difference in immune response can
be attributed to the fact that IL-23 does not use or detectably bind to IL-12RB2. Instead,
IL-23 binds to IL-23 receptor (IL-23R).(265)

In complete contrast, IL-27 and IL-35 are inhibitory cytokines, produced by APC or Treg
cell populations, respectively. IL-27 can inhibit the development of Th17 and IL-35
supresses T cell proliferation.(262, 266)

IL-12 IL-23 IL-27 IL-35

p35ﬂp40

p28 EBi3 p35 EBi3
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gp130
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Figure 5.4 Overview and composition of the IL-12 cytokine family and its receptors. All
IL-12 cytokine family members are heterodimeric proteins consisting of an a
subunit (p19, p28 or p35) and a B subunit (EBi3 or P40). Receptors of the cytokines are
heterodimers consisting of 2 combined subunits (IL-12Rp1, IL-12RB2, IL-23R, IL27Ra
and gp130)

5.2.1 IL-23 signalling

The IL-23 signalling pathway relies on the family of tyrosine kinases collectively termed
Janus kinases (JAKs) which consists of JAK1, JAK2, JAK3 and TYK2, and two signalling
proteins, STAT3 and STAT4.(267) Binding of IL-23 to its IL-23R and IL-12R31 receptors
results in the recruitment and activation of JAK kinases (Jak2 and Tyk2).(265) Activation
of Jak2 and Tyk2 triggers phosphorylation of the tyrosine motifs in the IL-23R receptor
complex, which results in the formation of docking sites for the STAT proteins.(268) The
receptor bound STAT3 and STAT4 are subsequently phosphorylated on their thymine
residues, causing dissociation from the receptor, dimerization and translocation to the
nucleus where they activate target genes (Figure 5.5).(269) Phosphorylation of STAT4
is essential for increasing IFN-y production and is a key process in IL-12 signalling,
however itis STAT3 phosphorylation that is required for the augmentation of transcription
factor retinoid-related orphan receptor (RORyt) during Th17 differentiation and the
expression of IL-17A and IL-17F.(270)
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The RORVyt transcription factor is the hallmark of IL-17-producing cells and is essential
for regulating Th17 differentiation, as well as supressing the expression of proteins
characteristic of other T cell lineages. Its expression is predominantly observed in
immune Th17 cells, and is controlled by IL-6 and IL-23 activated STAT3 pathways.(271,
272)
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Figure 5.5 IL-23 pathway. The IL-23 cytokine binds to its receptors, initiating the
downstream activation of different STATs which translocate to the nucleus to activate
target genes.

Although important, it is not IL-23 alone that drives T cells to differentiate into Th17
lineage. Additional cytokines have their own role in this process and are necessary for
Th17 determination. In 2006, three labs simultaneously published that the addition of
both TGF-B and IL-6 must be present during T cell recognition to promote their
development into Th17 cells.(242, 273, 274) Since IFN-y inhibits Th17 production, and
TGF-B has suppressive actions on IFN-y, it was thought that TGF- might contribute to
Th17 development. When treated with TGF-f3 and IL-6 concurrently, 81% of T cells were
induced to produce IL-17.(242) Further studies into the function of IL-6 on the
differentiation of CD4" T cells cemented the roll of this cytokine in generating Th17 cells
by activation of STAT3.(275) STAT3 is an essential transcriptional factor which directly
drives the transcription of Th17 lineage genes such as //177 and //23r and is also involved
in the suppression of TGF-B-induced forkhead box P3 (FOXP3) expression.(242, 276)
FOXP3 is the master regulator of the regulatory pathway in the development and function
of regulatory T cells (Treg), and IL-6 activation of STAT3 thereby inhibits the generation
of Treg cells in favour of Th17 cells.
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The role of IL-1B in the induction of Th17 cells has been exemplified by Sutten et al. who
showed that //7r1”" mice fail to develop Th17 cells in response to antigens and
adjuvants.(277) Furthermore, these mice were resistant to Th17 inflammatory diseases
such as experimental autoimmune encephalomyelitis (EAE) and collagen induced
arthritis (CIA). Expression of the IL-1[3 receptor, IL-1R1, by Th17 cells is induced by IL-6,
and signalling through this receptor promotes the transcriptional factor interferon-
regulatory factor 4 (IRF4), which reinforces expression of RORyt.

5.3 IL-17 cytokine

IL-17 production is archetypal of a Th17 immune response. IL-17 (IL-17A) was the first
discovered member of a family of 6 cytokines consisting of IL-17A to F. IL-17A is a
homodimer cytokine produced by numerous cell types such as Th17 CD4" cells, CD8*
cells, yo-T cells, natural killer (NK) cells and innate lymphoid cells (ILC)-3 in response to
cytokine stimuli such as IL-1B, IL-6, IL-21, and IL-23. All IL-17 family members have a
similar protein structure, sharing four highly conserved cysteine residues which are
essential to the 3-dimentional shape of the protein, however, IL-17F is the most closely
related cytokine to IL-17A sharing 50% sequence homology with others sharing as little
as 16%.(278-280) Like IL-17A, IL-17F is a homodimer and the two cytokines appear to
have overlapping functions and are produced by the same T cells. These two cytokines
can signal as their respective homodimers (IL-17AA/IL-17FF), or, since they share chain
pairings, they can signal as an IL-17A/F heterodimer through the same receptor complex
consisting of IL-17RA and IL-17RC.(281) IL17-AA may also signal through an
IL17RA/IL17RD receptor complex (Figure 5.6). All other IL-17 cytokines signal via
heterodimeric receptor complexes composed by different combination of the receptors
IL-17RA through IL-17RE.(281)

Members of the IL-17R family are single transmembrane chains. The extracellular region
contains two fibronectin lll-like (FN) domains, which mediate protein—protein interactions
and ligand binding.(281) The cytoplasmic regions of the IL-17R family are defined by a
conserved sequence in the cytoplasmic tail known as the SEFIR (similar expression of
fibroblast growth factor genes and IL-17Rs).(282) Upon ligand binding the cytoplasmic
protein Act1, which also contains a SEFIR domain, is recruited to the IL-17R complex
through homotypic SEFIR interactions in order to mediate downstream events. Once
engaged, Act1 recruits TNFR-associated factor 6 (TRAF6) and TRAF3 which are
essential for the activation of NF-kB pathway. This occurs through a series of molecular
interactions between cytoplasmic proteins (Act1, TRAF6, mitogen-activated protein
kinase (MAPK), TGF-B-activated kinase 1 (TAK1)) and consequent degradation of IkB
via this cascade allows the nuclear translocation of NF-kB or activator protein 1 (AP-1)
and therefore the activation of NF-kB / AP-1 targeted genes (Figure 5.6).(279) Though
this molecular cascade, IL-17 is able to induce sustained production of inflammatory
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cytokines, such as IL-1, GM-CSF, TNF-a and IL-6 as well as chemokines, including
CXCL1 (KC), CCL2 (MCP-1), CXCL2 (MIP-2), CCL7 (MCP-3) and CCL20 (MIP-
3A).(283)
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Figure 5.6 IL-17A and IL-17F cytokine signalling pathway. IL-17AA, IL-17AF, and IL-
17FF heterodimers and homodimers bind to the receptor complex comprising of IL-17RA
and IL-17RC. IL-17AA homodimers also are able to bind to a receptor complex of IL-
17RA and IL-17RD. IL-17 cytokines activate transcription factors NF-kB and AP-1
through a series of molecular interactions between TRAF3, TRAF6, TAK1, MAPK and
IKB.
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5.4 IL-23/IL-17 axis in host defence

Although Th17 cells were initially studied in the context of autoimmunity, mouse
experiments showed that IL-17- and IL-17R knockout mice demonstrated an increased
susceptibility to infection by bacteria, parasites, fungi and viruses, hence it was
uncovered that the Th17 immune response is essential to host defence against
extracellular bacteria, and fungal pathogens. Th17 cells grant this protection mainly
through the recruitment and activation of macrophages and neutrophils.

The first indication that IL-17 was important in host defence against bacterial pathogens
was demonstrated by Kolls and co-workers in 2000.(284) The model was based on
IL-17R deficient mice being compared with control mice when infected with Klebsiella
pneumonia. Mice displaying IL-17R deficiency were shown to be highly susceptible to
infection and exhibited increased numbers of recoverable bacteria in the lung, increased
bacterial dissemination into the spleen, and reduced overall survival. When treated with
adenovirus IL-17 gene transfer (adlL-17) to increase IL-17 levels, cytokines critical to
immunity were produced, such as MIP-2, G-CSF, TNF-a and IL-13. Neutrophil
recruitment was also enhanced in mice treated with adlL-17, suggesting that augmented
susceptibility of IL-17R deficient mice was associated with a reduction in cytokine
production and neutrophil recruitment being reduced by up to 90%.

A follow up study by Kolls and colleagues further investigated the importance of IL-23 in
host defence.(285) In mice lacking the IL-23 p19 subunit, a higher susceptibility to
K. Pneumoniae was observed, along with abrogated upregulation of IL-17 in response
to the infection compared to control mice which readily exhibited IL-17 production shortly
after infection. Furthermore, bacterial burden could be significantly reduced in IL-23
p197 mice by administration of recombinant IL-17, and restoration of important
chemokines for host defence such as G-CSF was observed. Following these initial
studies with K. pneumoniae, the importance of IL-23 and IL-17 in host defence has been
further established for a growing list of bacterial pathogens including Citrobacter
rodentium(274), Escherichia coli(286), Porphyromonas gingivalis(287), Streptococcus
pneumonia(288) and Salmonella enterica(289).

Regarding host defence against fungal pathogens, IL-17R is crucial for the control of,
and protection against, Candida albicans(290), Cryptococcus neoformans(291) and
Pneumocystis carinii(292). As with protection against bacterial pathogens, the IL-17
pathway is also able to regulate antifungal immunity through upregulation of
proinflammatory cytokines. These include neutrophil recruiting chemokines such as
CXCL1 and CXCL5, proinflammatory IL-6, and antimicrobial peptides which all act
synergistically to limit fungal growth.(290)

As a specific example, the protective effects of Th17 cytokines in response to Candida
albicans has been well documented. C. albicans is a commensal fungus found in the
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mouth, gastrointestinal tract, skin, and vagina of healthy individuals, however if host
immunity is compromised then infection by C. albicans is common. Chronic
mucocutaneous candidiasis (CMC) presents as infection of the oral cavity, mucosae,
skin and nails and is often resistant to treatment. This kind of candidiasis regularly occurs
in patients with genetic defects and polymorphisms in IL-17-related immunity.(293)
Furthermore, mice with IL-17R deficiency, which are therefore unable to respond to
IL-17, suffer increased tissue fungal burdens and decreased survival when intravenously
infected with C. albicans.(294) This infection was shown to be associated with impaired
mobilisation of neutrophils into infected organs. Additionally, IL-23 deficient mice have
impaired clearance of C. albicans skin infection and IL-17 expression in response to
candida-infected skin was found to be dependent on IL-23.(295)

From the above it is clear that co-ordinated and precisely controlled Th1, Th2, Th17 and
Treg responses act to protect the host from infection via promotion of pathogen
processing and eradication thereby minimising pathogen dissemination. However, in
contrast to these protective effects, when dysregulated, T cell responses also have the
potential to cause immunopathology. Uncontrolled Th2 driven immunity can result in
allergic diseases, and excessive Th1 and Th17 driven immunity can lead to a breakdown
in self-tolerance, uncontrolled tissue damage and onset of systemic autoimmune

diseases.

5.5 IL-17/IL-23 axis in autoimmunity

IL-17 and IL-23 have emerged as essential factors in the pathogenesis of many
autoimmune diseases. The seminal paper which incriminated IL-23 in autoimmune
diseases came about shortly after the discovery of IL-23, in 2003.(296) Using EAE, an
autoimmune inflammatory disease of the central nervous system as a model, mice
lacking either IL-23 (p79 ™), IL-12 (p35™) or both cytokines (p40™) were tested for their
susceptibility for this disease. Initially EAE was thought to be Th1 driven based on studies
revealing that mice lacking p40 were resistant to disease, however it later transpired that
mice lacking IFN-y or STAT1 (key factors in Th1 signalling) still developed EAE.(297,
298) Using this murine model it was shown that mice lacking IL-23 (p797), and IL-12/IL-
23 (p40™) were resistant to the development of EAE. By contrast, mice that specifically
lacked IL-12p35 were still vulnerable to EAE.(296) Further experiments using IL-12 and
IL-23 deficient mice have confirmed a requirement for these cytokines in EAE.(299)
Additionally, experiments using IL-17, IL-22, IL-23 and IL-23R deficient mice have shown
a proclivity for these mice to develop other autoimmune diseases such as CIA,
inflammatory bowel disease (IBD), and in particular, seronegative spondyloarthropathy
phenotypes.(296, 299-301)
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5.5.1 Seronegative spondyloarthropathies

The seronegative spondyloarthropathies (SpA) are family of rheumatic diseases known
to cause arthritis. They include ankylosing spondylitis (AS), psoriasis, psoriatic arthritis
(PsA), reactive arthritis (RA), Crohn's disease and ulcerative colitis, uveitis, and Behcet's
disease.(245, 302) These diseases differ from rheumatoid arthritis where the target of
the immune response is the synovium (a specialized connective soft-tissue membrane
that lines the inner surface of synovial joint capsules) which causes bone destruction and
erosion. Instead, the SpA diseases are characterised by inflammation of the enthesis
(the insertion point of a tendon, ligament, capsule, or fascia into bone) which is thought
to be the cardinal symptom in SpA. SpA can drive both severe bone erosion, and new
bone formation at peripheral (arms and legs, including the elbows, wrists, hands, and
feet) and axial (spine, hip, shoulder) sites.(303) Patients with these diseases have a
tendency to exhibit inflammation outside the skeleton also. External sites of inflammation
include the ciliary body of the eye, the aortic root, the lung apex, and the ileum.(245) In
common with the enthesis, all of these sites also represent junctional tissues that are
subject to repeated motion and biomechanical stressing.(304) Importantly, all of these
diseases share single nucleotide polymorphisms (SNPs) in the IL-23 receptor or the
IL-23 cytokine itself and related downstream signalling pathways, leading to
overexpression of IL-23 and IL-17 at the enthesis and in the gut.(245, 305, 306)

Initially, due to the efficacy of p40 blockers and thus the incrimination of IL-12, diseases
such as psoriasis were widely classified as Th1. However, after the discovery of the novel
p19 + p40 chain pairing, the classification of IL-23 and its distinct role to IL-12, and the
discovery that p19 blockers had potentially greater efficacy in the treatment of psoriasis
and PsA, these diseases were reclassified as Th17. There are currently numerous
antibody treatments, tailored to target various homologues of the IL-17 family, the p40
subunit of IL-23 and IL-12, and the unique p19 subunit of IL-23. Examples of these
antibodies (and their targets) include secukinumab (IL-17A)(307), ustekinumab
(p40)(308) and tildrakizumab (p19)(309). These antibodies are licensed in patients with
psoriasis, along with other p19 and IL-17A/A+F blockers, and show remarkable
effectiveness. A >75% skin clearance has been observed in 70-80% of patients, with
around half of these reaching 100% skin clearance.(310) Some p19 blockers are
licenced in PsA, Crohn’s disease and ulcerative colitis too, with IL-17A/A+F blockers also
licensed in PsA.(311, 312) Trials are ongoing in looking at the efficacy in other conditions,
e.g. guselkumab and bimekizumab in axial SpA and axial PsA.(312, 313)

5.5.2 IL-23/IL-17 axis SNPs in SpA

Genome wide association studies (GWAS) have provided a strong genetic rational for
the role of IL-23 in SpA related disease. SNPs in the genes for IL-23 production and the
IL-23 receptor have been strongly associated with ankylosing spondylitis, psoriasis and
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IBD suggesting IL-23 to be a shared upstream driver of pathogenic inflammation, linking
these disorders through common immunopathological mechanisms, like promoting
pathogenic Th17 cell responses and chronic tissue inflammation.

Initially it was discovered that polymorphisms in the IL-23R were associated with
ankylosing spondylitis.(305, 306) Ankylosing spondylitis is a chronic inflammatory
arthritis characterized by spinal and joint inflammation and the role of the IL-23
involvement in AS has been supported by GWAS in both human and animal models.(34)
Polymorphisms identified in IL-23R or STAT3/Tyk2 have been described in AS patients,
leading to an overexpression of IL-23 in joints and the gut.(314) T cell subsets expressing
IL-23R in joints and entheses of mice leads to production of inflammatory cytokines and
chemokines in response to I1L-23.(300) Shortly after the discovery of IL-23 SNPs in AS
they were also uncovered in psoriasis and PsA. PsA is a type of chronic inflammatory
arthritis affecting those with skin psoriasis and is characterised by inflammation of the
enthesis and dactylitis (swelling of the joints). IL-23 is found in synovial fluid of those with
PsA, and it has been suggested that IL-23 expression in synovial tissue correlates with
disease severity in PsA.(315) Further studies revealed the importance of IL-23 in the
pathogenesis of IBD. IL-23 is active at mucosal surfaces and is produced in the gut, and
it was therefore suggested that intestinal mucosa could be a key site of IL-23 production
in spondyloarthropathy.(316) Up to 70% of AS patients have subclinical intestinal or
bowel inflammation and indeed IL-23 association with Crohn’s disease was noted.(317-
319) The link between polymorphisms in the IL-23 pathway, IBD, and joint inflammation
suggest that overproduction of IL-23 may be the key component to the pathogenesis of
SpA.

Given the association of IL-23 with the SpA disorders, it is unsurprising that IL-17 also
has a significant role within these autoimmune diseases. High levels of IL-17 are
observed in AS, IBD, and psoriasis. Psoriasis is a chronic inflammatory disorder,
characterised by the presence of epidermal thickening on the scalp, trunk, and extensor
surfaces of affected patients due to keratinocyte (skin cell) proliferation, as well as
infiltration by T lymphocytes, macrophages, dendritic cells, and polymorphonuclear cells
(neutrophils, basophils, mast cells eosinophils).(320) Within psoriatic lesions a high
expression of IL-17A and IL-17F is found, which are involved in neutrophil accumulation
and formation of abscesses.(321) IL-23, IL-22, and IL-23R are also expressed highly in
psoriatic lesions compared to healthy skin.(271) Corresponding to high IL-23 levels in
the gut, increased expression of IL-17A has been reported in the intestinal mucosa for
those with Crohn’s disease and in AS patients, levels of Th17 cells are increased
compared to healthy subjects, resulting in an increase in IL-17 in serum, synovial fluid,
and spinal joints. (322, 323). It must be acknowledged that the IL-23/IL-17 axis is
genetically central to the SpA diseases yet IL-17 blockers do not work in the gut and
IL-23 blockers have failed in AS which is currently poorly understood.
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5.5.3 Other genes associated with SpA

5.5.3.1 HLA-B27

Human leukocyte antigen B27 (HLA-B27) is a gene that codes for proteins involved in
presenting antigens to the immune system. HLAs in general aid the body in being able
to distinguish between human and foreign antigens, however the presence of HLA-B27
has been associated with having a higher risk of developing ankylosing spondylitis. HLA-
B27 has been found in up to 90% of patients with AS compared to 5-6% in random
Caucasian populations.(324) While having this gene may increase the risk factor for
developing AS, it does not guarantee it. Around 8% of the population have the HLA-B27
gene, but most of those do not have AS, highlighting the need for other factors to
contribute to the pathogenesis of SpA diseases.(325) HLA-B27 may simply increase
susceptibility to AS when triggered by other environmental factors. Alongside this, there
is not definitive evidence that peripheral symptoms in psoriatic arthritis and inflammation
in the gut in IBD are linked to HLA-B27.

5.5.3.2 CARD9

Outside of HLA-B27, mutations in caspase recruitment domain-containing protein 9
(CARD9) confer a significant risk to the development of AS.(326) CARD9 is an adaptor
protein with an integral role in CLR mediated host defence against fungal and
mycobacterial infections. CARD9 mediates signals from the pattern recognition receptor,
Dectin-1, to induce NF-kB activation and trigger the transcription of pro-inflammatory
cytokines in response to infections such as C. albicans. Dectin-1 is known to recognise
the fungal cell wall component 3-glucan, which in a mouse model has been shown to
trigger IL-23 dependent enthesitis, whereas card9™ mice show little to no signs of clinical
disease.(327, 328) In humans, CARD9 mutations have been linked to IBD and one such
SNP has also been linked to AS in a separate study.(329, 330) Removal of the AS cases
also known to have IBD had little effect on the strength of the association between IBD
and CARD9 mutation suggesting that the AS association is independent of the IBD
association.(329)

Although a direct link between DC-SIGN and CARD9 has not yet been demonstrated,
both feed into overlapping NF-kB—dependent pathways.(331, 332) This makes it
plausible that changes in glycan sensing through DC-SIGN could amplify CARD9-
dependent inflammation. In SpA, where CARD9 variants are tied to increased disease
risk and heightened neutrophil-th17 activity, abnormal DC-SIGN signalling could act as
an upstream trigger, working together with CARD9 to skew the IL-23/IL-17 axis, drive
enthesitis, and sustain chronic inflammation in susceptible individuals.(333)
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5.6 Inducers of excessive IL-23

5.6.1 HLA-B27/unfolded protein response

Despite extensive research on IL-23 over the past 20 years and its role within host
protection and disease pathogenesis, the initial triggers for excessive IL-23 production
remain to be elucidated. As briefly mentioned, there is a strong relationship between
HLA-B27 and AS. A central theory for the high prevalence of those with AS to have the
HLA-B27 gene stems from the unfolded protein response (UPR) theory.(334) Expression
of HLA-B27 in rats results in inflammatory disease resembling SpA. This is due to an
accumulation of HLA misfolded heavy chains in the endoplasmic reticulum (ER) which
activates the UPR. All proteins are translocated to the ER for modification before
transportation to the Golgi, and it is the UPR which attempts to process the build-up of
unfolded proteins. During this process secretory proteins are downregulated to reduce
protein levels, and an increase in the removal of misfolded or slowly folding proteins
occurs through ER-associated degradation. During this process transcriptional factors
can be activated, which ultimately results in increased IL-23 secretion.(335) For example,
LPS induced IL-23p19 production was augmented by HLA-B27.(335) However, most
subjects with psoriatic enthesitis do not possess the HLA-B27 gene therefore this theory
therefore cannot account for the majority of SpA cases.(245)

5.6.1.1 IL-36

IL-36 is a pro-inflammatory cytokine, which when bound to its receptors (IL-36R) plays a
role in psoriasis and other inflammatory skin disorders, by controlling IL-23
production.(336-338) While being present in healthy skin, IL-36 is upregulated in
psoriatic skin, and is mainly produced by keratinocytes but also produced by monocytes,
macrophages and dendritic cells.(337) When treated with a cream containing imiquimod,
the TLR7 agonist, expression of IL-23 was induced and mice developed psoriasis like
skin, but when deficient in IL-36a a reduced skin pathology was observed after treatment
with the same cream.(339, 340)

5.6.1.2 Fungal/Bacterial

Based on the role of the IL-23/IL-27 axis in fungal immunity, it is also possible that
bacterial or fungal adjuvants are responsible for triggering excessive IL-23 production. It
has been well documented for almost six decades that the initiation of psoriasis lesions
begins with immune activation in susceptible individuals following exposure to
environmental stimuli.(341) Strong evidence exists for the induction of psoriasis following
Streptococcus pyogenes infection, and psoriasis flare ups/ exacerbation have also been
documented after bacterial (S. Pyogenes(342, 343), S. aureus(344)), fungal (C. albicans
(345, 346), Malassezia(347)) and viral (papillomaviruses(348), retroviruses(349))
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infections. Both fungal infections and psoriasis show propensity for the scalp, the nails
and the groin areas.

The human skin is home to millions of commensal bacteria, fungi and viruses in a
symbiotic relationship.(350) Regions of the skin can provide essential components for
commensal bacteria, and in turn these bacteria can serve as a regulators of skin immune
functions.(351) Usually the outer most layer of the epidermis acts as a barrier to prevent
invasion of foreign pathogens, however this barrier is susceptible to injuries and in
circumstances when trauma to the skin is experienced it may allow the entry of
opportunistic microbial agents into the skin. Regions in which psoriasis is commonly
observed, such as the scalp, are also colonised by Malassezia due to their requirement
for subcutaneous glands to provide them with fatty acids.(352) An association between
Malassezia and psoriatic skin legions has been reported and furthermore, treatment of
these psoriasis patients with ketoconazole, an oral antifungal drug, has resulted in a
marked improvement of the legions on their scalp, correlating with a decrease in yeast
cell numbers.(353) Moreover, the prevalence of C. albicans in the intestine and faeces
of patients with psoriasis was elevated compared to healthy controls. C. albicans was
found in the faeces of up to 78% of patients with psoriasis compared with 29-54% of
controls.(354, 355)

Microbial dysbiosis within the gut is emerging as a common factor between other SpA
diseases also. The development of IBD has been associated with an imbalance or shift
from a healthy gut microbiome, and animal studies are also providing evidence of the
microbiome in the development of AS.(356, 357) When raised in germ free (GF)
environments, HLA-B27 transgenic rats which would normally develop SpA were found
to be absent of inflammatory diseases such as arthritis and colitis, but when typical
bacteria found in the gut are reintroduced, these rats go on to develop joint disease.(358,
359) In the SKG model, where mice have a single point mutation in the ZAP-70 gene
which leads to reduced T cell signalling, mice housed under specific pathogen free (SPF)
or completely germ free (GF) environments remain healthy whereas those raised under
conventional conditions, or when treated with microbial B-1,3-glucan (curdlan),
spontaneously develop SpA, psoriasis uveitis and ileitis.(360) This model has also been
linked to dysbiosis within the gut microbiota whereby the severity of arthritis and ileitis in
these mice was dependent on the presence and composition of the host
microbiome.(361) GF mice when treated with curdlan develop less severe arthritis than
SPF mice, and recolonization of GF mice with altered Schaedler flora, a limited bacterial
consortium, also increased incidence of arthritis however, this response was still
lessened relative to those with unrestricted microbiota.

The SKG mouse model also directly links gut microbiota to IL-23 production and
development of SpA. For SKG mice which are housed in SPF conditions but treated with
the microbial component curdlan (B-1,3-glucan), the development of arthritis, enthesitis,
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and ileitis is shown to IL-23 dependent.(328, 362) This was demonstrated by IL-23
neutralisation and subsequent treatment with curdlan. Mice housed in SPF conditions
and treated with curdlan only suffered enthesitis, wrist and ankle joint arthritis, dactylitis,
vertebral inflammation, ileitis resembling Crohn's disease, and uveitis, whereas those
pre-treated with anti-IL-23 showed suppressed levels of axial spondylitis, peripheral
arthritis, and enthesitis.(362) IL-23 neutralisation also was shown to alter the faecal
microbiota composition in response to curdlan, supressing the bacteria associated with
SpA like disease.(363) Furthermore, ER stress was not detected in mice housed in GF
environments after treatment with curdlan, whereas signs of ER stress was observed in
mice housed with specific pathogens along with IL-23 expression in the ileum. The only
difference in these conditions was the presence of pathogens, which suggests gut
microbiota promotes ER stress, and gut expression of IL-23. To add to this, development
of arthritis, spondylitis, enthesitis and intestinal inflammation in curdlan-treated SKG
mice also seems to show a dependence on IL-17. Mice with an IL-17 deficiency
demonstrated a reduced severity rating for these particular diseases after treatment with
curdlan. IL-23 production in SKG mice was shown to enhance IL-17A production in lymph
nodes.(362)

Changes in how microbes in the gut interact with host cells may therefore be a factor in
the pathogenesis of inflammatory IL-23 related diseases. Inflammatory cytokine such as
IL-1B and IL-23 are produced by the terminal ileum and excessive production in response
to commensal microbes may promote rheumatic disease at distal sites if these cytokines
‘spill over’ into the systemic circulation (Figure 5.7).(364)
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Figure 5.7 Commensal gut bacteria can stimulate production of inflammatory cytokines,
including IL-1, IL6 and IL-23, within the intestinal mucosa. This triggers a Th17 response
and increases IL-17 levels. While these cytokines help initiate local immune responses,
excessive production has been postulated to lead to system circulation ‘spillover’,
promoting inflammation at distant sites such as the joints. Figure adapted from
reference(364).



143

Outside of the gut, other microbes have been linked to SpA development. Chlamydia
species have been linked to the development of RA, spondylitis and skin lesions, with
around 4-15% of individuals with C. trachomatis infection going on to develop RA.(365)
To study this further, mice inoculated with C. muridarum suffered dose dependent
inflammatory disease and production of IL-17 was impaired in mice with the SKG
mutation when infected.(366) Chlamydia was able to spread from the site of infection to
lymphoid organs and peripheral sites where IL-23 was produced, resulting in RA
symptoms. The presence of chlamydia antigens in macrophages implicated these cells
as the transporters in this process. Furthermore C. trachomatis triggers the ER stress
response to produce IL-23.(367)

Due to the link between SpA, microbes, and the induction of IL-23 production through
Dectin-1 signalling, other PRRs such as DC-SIGN have emerged as possible candidates
for triggering excessive IL-23 production. Signalling through DC-SIGN via specific glycan
residues present on the cell surface of commensal and pathogenic bacteria and fungi
have shown a propensity to regulate IL-23 production, linking activation of DC-SIGN to
the IL-23/IL-17 axis.(368) This raises the possibility that sustained signalling through DC-
SIGN may contribute to the chronic induction of IL-23 in SpA. Despite a plausible
connection, direct evidence for DC-SIGN as an upstream inducer of IL-23 in SpA is
lacking.
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Figure 5.8 Schematic showing how IL-23 is produced in various spondyloarthropathies
to cause inflammation.
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5.7 Cellular producers of IL-23 in SpA

5.7.1 Dendritic cells

DCs play a central role in the immune system by capturing, processing, and presenting
antigens to T cells, thereby initiating immune responses. Among their many functions,
DCs are important producers of IL-23 helping to initiate immune signalling cascades that
promotes inflammation and orchestrate specific immune responses, particularly through
the actuation of Th17 cells. In vivo studies have shown that DCs stimulated by microbial
ligands such as LPS(369), B-glucans(370) and peptidoglycans(371) are capable of
producing IL-23. In the context of autoimmune disease, particularly psoriasis, the role of
DCs in IL-23 production is well documented. Myeloid DCs are considered the primary
source of IL-23 in psoriatic lesions, where overproduction of this cytokine drives IL-17A
expression by Th17 cells in the dermis.(372, 373) Immunohistochemical analyses of
psoriatic skin have also revealed p40 and p19 protein expression in dermal dendritic
cells and increased p40 and p19 but not p35 (IL-12) mRNA in skin lesions.(372, 374).

5.7.2 Macrophages and monocytes

The role of macrophages in psoriasis has also be highlighted in mouse models where an
IkB deletion results in inflamed psoriatic-like skin. When depleted of macrophages, these
mice exhibit a pronounced reduction of the hyperproliferative, inflammatory skin
phenotype.(375) Human studies have also described the importance of macrophages
and monocytes in psoriatic skin where these cells migrate to the dermal/epidermal border
in greater numbers than in healthy controls.(376) Similarly, in patients with Crohn’s
disease, the number of these CD14" macrophages were significantly increased
compared with normal control subjects, and when isolated and stimulated with
commensal bacteria, these cells produced large amounts of IL-23.(377-379)

In patients with hidradenitis suppurativa, macrophages expressing IL-23 have been
detected within skin lesions.(380) Similarly in mouse models, and in histological analysis
of intestinal tissue from individuals with IBD/Crohn’s disease, macrophages (and DCs)
have been shown to produce IL-23.(374, 375, 377) In addition, peripheral monocytes
isolated from patients with enthesitis secrete higher levels of IL-23 upon stimulation
compared to healthy controls.(381)

5.7.3 Neutrophils

Evidence is now growing that neutrophils may also be a source of IL-23 in SpA. A 2015
study showed that neutrophils which had infiltrated the colon of patients with IBD were
the main cellular producers of IL-23 and therefore promotors of inflammation in this
disease.(382) Alongside IBD, neutrophils have been associated with other IL-23
mediated diseases such as psoriasis. Neutrophils are recruited to the affected skin in
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large numbers in psoriasis lesions but whether neutrophils in psoriatic lesions produce
IL-23 and what triggers IL-23 production in this disease remains unknown but it may
involve factors like IL-17 and TNF-a.(383, 384) The SKG mouse model of SpA shows
neutrophil infiltration plays an important part in enthesitis lesions and Stavre and
Bridgewood et al. showed that when stimulated with the fungal adjuvant zymosan,
neutrophils isolated from non-inflamed human entheses are capable of producing
IL-23.(385) Blood neutrophils stimulated with two different fungal adjuvants, mannan and
zymosan, showed similar IL-23 induction capacity, while curdlan showed stronger
induction capacity. Production of IL-23 from neutrophils in vitro has also been
documented when the cells were stimulated with the drug imiquimod, a TLR7/8
agonist.(384)

5.7.4 Non immune cells / keratinocytes

It was previously thought that only immune cell derived IL-23 was disease relevant.
However, non-immune cells such as keratinocytes and enterocytes have also been
implicated in IL-23 production and disease onset. Keratinocytes constitute up to 90% of
epidermal skin and therefore play a large role in psoriatic skin lesions.(386) IL-23
expression by keratinocytes was confirmed by immunostaining of skin sections and IL-
23 was also found in the dermal compartment.(387) IL-23 expression was significantly
higher in psoriatic lesional skin, compared with normal and psoriatic non-lesional skin. In
mouse models, keratinocytes produced IL-23 in sufficient enough quantity to cause
chronic skin inflammation and to confirm this result, selective loss of IL-23 in

keratinocytes caused skin inflammation to be greatly reduced.(388)

5.8 Current limitations in IL-23 related research

Despite significant progress in understanding the role of IL-23 in inflammatory diseases,
including SpA, there remain critical gaps in the knowledge regarding the specific stimuli
that drive dendritic cells to produce IL-23 instead of IL-12. While both cytokines share
the same p40 subunit, their divergent roles in immune regulation suggest distinct
upstream triggers and signalling pathways. However, the precise mechanism by which
DCs selectively induce IL-23 remain unclear. This ambiguity limits the ability to fully
understand disease pathogenesis or design targeted interventions. In the context of SpA,
no single pathogen or stimulus can account for all cases, raising the possibility that
multiple diverse signals can trigger IL-23-driven inflammation.

Fungal and bacterial pathogens have emerged as a potential trigger, yet the interaction
between these pathogens and the immune system, particularly in terms of their ability to
induce excessive levels of IL-23, is still poorly understood. Further investigation is
needed to identify other possible sources of IL-23 induction in the body and to

understand how innate immune sensors and environmental signals influence the
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cytokine profiles produced by DCs. A better understanding of these processes could
illuminate why certain signals skew the immune response towards IL-23/IL-17 mediated
inflammation rather than the classical IL-12/IFN-y responses, offering a better
comprehension of the immunopathology of these diseases and aiding in devising new
avenues for therapeutic intervention.

5.9 Summary and research aims

As key producers of IL-23, DCs represent a central focus for understanding IL-23
regulation in inflammatory conditions. Since dysregulated IL-23 production is strongly
implicated in the pathogenesis of SpA, investigating the molecular mechanisms that drive
this process is essential. Stimulating DC with LPS, zymosan and B-glucan have all been
shown to induce IL-23 production through TLR4, TLR2 and Dectin-1 respectively.(389,
390) Stimulation of the macrophage mannose receptor with C. albicans, a commensal
organism, has also been implicated in IL-23 production in DCs.(82, 391)

In particular, DC-SIGN, a CLR on DCs which mediates glycan-dependent interactions,
may also be involved in dysregulated IL-23 secretion. DC-SIGN is of particular interest
to study due to its essential role in detecting and binding pathogens which have been
previously linked to IL-23/IL-17 production, and its key role in shaping both innate and
adaptive immune responses.(52, 392, 393) Studies have already implicated DC-SIGN in
the modulation of TLR4/LPS induced IL-23 production.(52) Co-stimulation of DC-SIGN
and TLR4 with mannose containing ligands and LPS led to an upregulation of
inflammatory cytokines, including the IL-23 p40 subunit. However, under conditions
employing fucose ligands, a downregulation of IL-23 was observed.(92) In contrast, other
authors have demonstrated that engagement of DC-SIGN with the mannose containing
ligand ManLAM inhibits Dectin-1 induced IL-23.(394) These divergent outcomes
highlight a context-dependent role for DC-SIGN in regulating IL-23 underscoring the
need for further studies to clarify how ligand-specific signalling integrates with other CLR
and TLR pathways in shaping inflammatory responses.

Therefore, the study of DC-SIGN-glycan signalling pathways may begin to unravel how
immune recognition contributes to chronic inflammation in SpA, offering potential insights
into novel therapeutic strategies that target upstream regulatory networks of IL-23 rather
than its downstream effects. Building on the glycan-GNPs explored in Part A, which
provided a well-defined platform for probing DC-SIGN binding affinity and interaction
modes, this section extended their use to explore how such glycan-mediated
engagements might influence DC-driven IL-23 production. The multivalent display of
glycans on a nanoparticle surface in this instance afforded closer physiological
relevance, as they more closely resemble the multivalent nature of the glycocalyx than
free ligands, and provided scope for novelty within this project.
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Chapter 7 used the G5-glycans synthesised in part A as fungal/bacterial mimics to
explore how DC-SIGN engagement influenced IL-23 production in dendritic cells when
co-stimulated with a variety of TLR ligands and fungal adjuvants. The aim was to identify
which CLR-TLR co-pathways may be involved in excessive IL-23 production in SpA and
if it is related to fungal/bacterial activation. Attention was given to whether IL-23
production could be influenced by glycan type or binding affinity. This chapter also
included blocking experiments to determine whether immune modulation was mediated
only by DC-SIGN co-signalling or if other CLR receptors contributed to the observed
effects. In addition, the impact of G5-glycan-DC-SIGN signalling on Th cell development
was explored by characterising the cytokines produced upon co-stimulation with LPS
and quantifying T cell proliferation.

Chapter 8 built upon the blocking experiments in Chapter 7 by developing a GNP-based
pull down method, incorporating a covalent affinity tag. This method was designed to
identify additional receptors on the DC cell surface which may participate in signalling
pathways leading to IL-23 production.
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Chapter 6 — Materials and Methods

6.1 Ethics approval

The investigation was approved by NRES Committee Yorkshire & The Humber - South
Yorkshire (14/YH/0087).

6.2 Materials

Molecular biology grade porcine trypsin and molecular biology grade dithiothreitol (DTT)
was purchased from Promega. 4-fluorosulfonyl benzoic acid (16), molecular biology
grade iodoacetamide (IAA), potassium hexacyanoferrate(ll) trinydrate, formic acid,
ammonium bicarbonate, triton X, acetonitriie and DMF were purchased from Sigma
Aldrich. Triethylamine, fluorescein isothiocyanate (FITC), ammonium chloride and
potassium ferricyanide were purchased from Acros Organics. 3-mercaptoethanol was
purchased from Bio-Rad. LA-EG11-NH (15) was synthesised in-house using previously
established protocols by Darshita Budhadev. MS: calculated m/z for C32HesN4O12S2 (LA-
EG11-NH.) [M+H]" 733.40, found 734.00.(119)

RMPI 1640 media and PBS tablets were purchased from Gibco. Foetal Bovine Serum,
penicillin/streptomycin, Trypan Blue, DMSO, Normal Mouse Serum, Human IgG, bovine
serum albumin and LPS from E.Coli were purchased from Sigma-Aldrich. Flow cytometry
staining antibodies, viakrome808, fixation buffer, brilliant stain buffer and
permeabilisation buffer were purchased from either BioLegend®, BD biosciences (BD
horizon™, BD pharmingen™) or Beckman coulter. CD14*, CD4" and CD25 antibody
microbeads, T cell activation kit, magnetic LS/MS columns and MACS BSA staining
buffer were purchased form Miltenyi Biotech. Pam2CSK4, Pam3CSK4 and HKST were
purchased from InvivoGen. Mab161 was purchased from Bio-Techne and Clone15-2
was purchased from Bio-Rad. CFSE and C18 spin columns were purchased from
Thermo Fisher. Lymphoprep was purchased from Stemcell. IL-23 and IL-10 ELISA kits
were purchased from Invitrogen. LEGENDplex™ Human Th Cytokine Panel was
purchased from BioLegend. GM-CSF and IL-4 were purchased from PeproTech.
Tween20 was purchased from Fisher Scientific. 10X Red cell lysis buffer and endotoxin
free water was purchased from VWR international. Cell culture plates were purchased
from Cornings.

6.3 General instrumentation and computation

'"H NMR spectra were measured at 25° C on a 500 or 400 MHz Bruker spectrometers
using D-O, Methanol-d4 or Chloroform-d with the residual solvent as the internal
standard at room temperature. Chemical shifts are given in parts per million relative to
TMS and the coupling constants (J) are given in Hertz. High resolution mass spectra
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(HR-MS) for ligands were obtained on a Bruker Impact QqTOF Il mass spectrometer and
m/z values are reported in Daltons to four decimal places. Liquid chromatography mass
spectrometry (LC-MS) was used to analyse all other ligand samples and was performed
using a Bruker AmaZon speed mass spectrometer and are quoted to two decimal places.
Peptide separation was performed on a Bruker nanoElute Il nanoflow or a Vanquish Neo
UHPLC. Mass spectrometric analysis of peptides was performed on a timsTOF Pro 2
mass spectrometer (Bruker Daltonics) or an Orbitrap Eclipse Tribrid mass spectrometer
(Thermo Fisher Scientific). UV-vis absorption spectra were recorded on a Varian Cary
50 bio UV-Visible Spectrophotometer over 200-800 nm using 1 mL quartz cuvette with
an optical path length of 1 cm or on a Nanodrop 2000 spectrophotometer (Thermo
scientific) over the range of 200-800nm using 1 drop of the solution with an optical path
length of 1 mm. The hydrodynamic diameters were recorded on a Malvern ZETASizer-
Nano using disposable polystyrene cuvettes. Centrifugation was performed using either
a Hettich Universal 320/320R, a Thermo Scientific Heraeus Fresco 17, or an Eppendorf
5810R depending on the speed and volume, at room temperature (r.t) unless otherwise
stated. All fluorescence spectra were recorded on a Cary Eclipse Fluorescence
Spectrophotometer using a 0.70 mL quartz cuvette. Flow cytometry was conducted on a
CytoFLEX LX using corning FACS tubes. OD for ELISA cytokine measurements were
recorded on a BioTek citation 5 imaging plate reader. Microscopy images were taken on
an Evos XL core. Cell counting was performed on a BioRad TC20 automated cell counter
using BioRad dual chamber cell counting plates and trypan blue solution (Sigma Aldrich).
Light microscopy was performed on an Olympus inverted light microscope and images
were taken on an EVOS FL digital inverted fluorescence microscope.

All numerical data were analysed and plotted using origin 2029b or Graphpad Prism10

software.

6.4 Endotoxin removal

G5-EGn-glycans were filtered through 0.22 um syringe filters then treated with Pierce™
High Capacity Endotoxin Removal Spin Columns (0.5 mL) according the manufacturer’s
instructions. Briefly, columns were regenerated 0.2N NaOH, washed with 2M NaCl, and
endotoxin-free water, and equilibrated three times in 50 mM PBS pH 6-8. GNP samples
were then loaded onto the equilibrated resin, capped and gently mixed end-over-end for
1 hr at 4 oC. Following incubation, the bottom closure was removed and the sample
recovered by centrifugation at 500 x g for 1 minute. Where necessary, samples were re-
applied to a freshly regenerated column for additional passes to further reduce endotoxin
levels. All consumables, buffers and water were endotoxin free and non-pyrongenic.
Samples were assayed for endotoxin content using the Pierce™ Rapid Gel Clot
Endotoxin Assay to verify removal.
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6.5 Cell culture

6.5.1 DC differentiation and stimulation

Peripheral blood was collected from healthy donors and the CD14" monocytes were
isolated using CD14 microbeads (130-050-201, Miltenyi Biotec) according to the
manufacturer's protocol. Monocytes (1 x 10%/mL) were plated in RPMI 1640 media
supplemented with 10% Fetal Calf Serum, streptomycin (100 units/mL) and penicillin
(100 units/mL), and stimulated with 100 ng/mL granulocyte-macrophage colony
stimulating factor (GM-CSF) and 50 ng/mL interleukin-4 (IL-4). After 3 days, 0.5 mL
media was removed and replaced with fresh media containing IL-4 (50 ng/ml) and GM-
CSF (100 ng/ml) for a further 3 days in order to obtain immature Mo-DC. On day 6,
suspensions of MoDCs (1 x 10°) in fresh RPMI 1640 (200 uL) were stimulated by addition
of LPS (10 ng/mL), HKST (10° cells), PAM2CSK4 (100 ng/mL) or PAM3CSK4 (100
ng/mL) alone or in the presence of G5-EG,-glycan (150 nM) or monovalent ligand (50
mM or 75 uM) for 24 hrs at 37 °C, 5% CO.. Cells were harvested for flow cytometry and
supernatant was collected and stored at -80 °C until cytokine analysis

6.5.2 DC-SIGN and Mannose receptor blocking

MoDCs (1 x 10°) isolated and differentiated as described in Section 6.5.1 were pre-
incubated with a-DC-SIGN (10 ug/ml, mab161, Bio-Techne) or a-mannose receptor (20
ug/ml, clone 15-2, BioLegend) or both in 100 yL RPMI at 37 °C, 5% CO.. After 30
minutes, 100 uL RPMI containing LPS (10 ng/ml) alone or with GNP-glycan (150 nM) or
monovalent ligand (50 mM or 75 uM) was added and cells were incubated for 24 hrs at
37 °C in the presence of 5% CO.,. After 24 hours the supernatant was collected and
stored at -80 °C until cytokine analysis.

6.5.3 DCI/T cell co-culture

CD4'CD25 T cells were isolated from the peripheral blood of healthy donors using
positive selection CD4" T cell isolation kit (130-096-533, Miltenyi Biotec) and depletion
with CD25 Microbeads Il (130-092-983, Miltenyi Biotec) according to the manufacturers
protocols and stored in 20% DMSO in FCS at -80 °C for short term storage or -196 °C in
liquid nitrogen for long term storage. When required, T cells were defrosted and stained
with CellTrace™ violet (thermofisher) according to the manufacturers protocol. Mo-DCs
isolated from the same donors using CD14 microbeads (130-050-201, Miltenyi Biotec)
were seeded at 5 x 10* in 400 uL of RPMI 1640 media supplemented with 10% Fetal
Calf Serum, streptomycin (100 units/mL) and penicillin (100 units/mL), and stimulated by
the addition of LPS (10 ng/ml) alone or in the presence of G5-EGn-glycan (150 nM) or
monovalent ligand (50 mM) and incubated at 37 °C, 5% CO.. After 24 hrs, 100 pL of
media was removed and 2.5x10° T-cells were added in 100 uL cell culture media.
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Furthermore, 2.5x10° CD4'CD25 T cells were activated with Anti-Biotin MACSibead™
particles loaded with anti-CD3, anti-CD28 and anti-CD2 according the manufacturers
protocol (130-092-357, Miltenyi Biotec). Cells were incubated for 5 days at 37 °C, 5%
CO- then cells were collected for flow cytometry and the supernatant was stored at -80 °C
until cytokine analysis.

6.6 Flow cytometry

Expression of cell surface markers and T cell proliferation was measured by flow
cytometry. Briefly, cultured cells were collected by centrifugation at 400 x g for 5 minutes,
washed with PBS and stained with ViaKrome 808 Fixable Viability Dye (Beckman
Coulter) in the dark for 10 minutes. Cells were pelleted at 400 x g for 5 minutes then
washed with PBS and treated with blocking buffer (hlgG and normal mouse serum)
followed by BD Horizon™ brilliant stain buffer (BD biosciences) at 4 °C to prevent non-
specific binding. Cells were washed and pelleted and, depending on the desired stain,
were then incubated with the desired antibodies (given in Table 6.1) in the dark for 30
minutes at 4 °C. After staining, cells were washed with PBS and suspended in 200 uL of
MACS BSA buffer if analysed immediately, or if analysing >24 hrs later cells were fixed
with 4% PFA for 15 minutes before washing and resuspended in MACS BSA. Data
acquisition was performed using a CytoFLEX LX. The data for dendritic cell markers and
PBMC phenotyping was analysed using the Beckman coulter CytExpert acquisition and
analysis software. T cell proliferation was analysed with FlowJO, using the T cell
proliferation modelling tool.

Table 6.1 Table of antibodies used in flow cytometry for each experiment.

Experiment Antibodies (clone, supplier)

DC surface expression | CD80-APC(2D10.4, eBioscience™), CD86-PE-Cy™7
(2231, BD pharmingen™), CD209-FITC (9E9AS,
BioLegend®) and CD14-Brilliant Violet605™ (M5E2,
BioLegend®)

cell proliferation CD209-FITC (9E9AS8, BioLegend®), CD4-APC (RPA-T4,
BD pharmingen™)

PBMC phenotyping CD3-BUV395 (SK7, BD Horizon™), CD19-BUV395
(SJ251, BD Horizon™), HLA-DR-BV421 (G46-6, BD
Horizon™), CD14-Brilliant Violet605™ (M5E2,
BioLegend®), CD1c-PE-Vio770 (AD58E7, Miltenyi Biotec),
CD141-APC (1A4, BD pharmingen™), CD123-FITC (6H6,
BioLegend®), CD163-PE (GHI.61, BD pharmingen™)
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6.7 IL-10 and IL-23 ELISA

For the detection of IL-10 and IL-23, culture supernatants were collected after 24 hrs for
MoDC stimulation and stored at -80 °C until analysis. IL-23 and IL-10 ELISAs were
performed as follows. Nunc Maxisorb immunosorbent 96-well ELISA plates were coated
with 2 pg/mL capture antibody (Thermo Scientific) in PBS at 4°C overnight. Plates were
then washed with 0.1% Tween 20/PBS and blocked for 1 hour in 2% BSA in 0.1% Tween-
20/PBS. Samples were subsequently incubated for 1 hour at room temperature before
washing and incubation with 1 pg/mL biotinylated detection antibody (Thermo
Scientific) for 1 hour. Plates were then washed and incubated with streptavidin—
horseradish peroxidase (Thermo scentific) for 20 minutes. After washing, TMB was used
as a chromogenic substrate (Thermo Scientific). The reaction was stopped with 2N
H.SO,, and OD was measured at 450 nm. A standard curve was obtained from a 7-point
serial dilution of protein standard and used to calculate IL-23 and IL-10, expressed as

pg/mL.

6.8 Multiplex cytokine analysis

Multiplex cytokine analysis was performed using the LEGENDplex™ (Human T Helper
Cytokine Panels Version 2) kit (BioLegend) according to the manufacturer’s instructions.
Briefly, the supernatant from the DC + T cell co culture samples were collected after 5
days and stored at —80 °C until analysis.

The assay was performed in a 96-well filter plate format. Standards were prepared by 1
in 4 serial dilution to generate a standard curve for each cytokine. Samples and
standards (25 uL) were incubated with mixed capture beads (25 uL) and assay buffer
(25 L) for 2 hours at room temperature with shaking at 500 rpm in the dark. Wells were
washed twice with 200 uL washing buffer using a vacuum manifold to remove unbound
reagents. Detection antibodies (25 pyL) were added and the samples incubated for 1 hour
at 500 rpm in the dark. Streptavidin-PE solution (25 uL) was then added and incubated
for 30 minutes at 500 rpm in the dark. Wells were washed twice with 200 yL washing
buffer, using a vacuum manifold to remove unbound reagents, then beads were
resuspended in 150 yL wash buffer and analysed using a CytoFLEX S cytometer
(Beckman Coulter). Data were acquired using Cytexpert and analysed with
LEGENDplex™ Data Analysis Software (BioLegend). Cytokine concentrations were
calculated based on standard curves and expressed as pg/mL.

6.9 ICP-MS

1 x 10° cells were treated with 50 nM G5-glycans for 24 hours. Cells were collected,
counted and frozen at -80 °C in PBS until further analysis. 2 x 10* cells were treated with
Aqua Regia (100 pL) in glass vial, and left for 5 hours. Then, each digested sample was
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diluted to 5 mL in deionised water. A series of gold standard solutions (0, 0.1, 1, 10, 50,
300 pg/L) were prepared at the same time. Samples were given to Stephen Reid in the
School of Earth and Environment at the University of Leeds and analysed on a Thermos
iCAP Qc ICP-MS. The quantity of Au in ug/L was converted into GNP per cell using the
volume and weight of a 5 nm GNP and the number of cells in the sample.

6.10 Protein production and labelling

6.10.1 DC-SIGN, DC-SIGNQ274C, DC-SIGN-atto643

The DC-SIGN was produced and purified as described in Section 2.3.1, and its cysteine
point mutation variants, DC-SIGN Q274C, was produced, purified and labelled with
maleimide-Atto643as described in section 2.3.2.

6.10.2 BSA-FITC

To a solution of BSA (2 mg/mL, 4 mL, 120 nmol, 1 eq) in sodium bicarbonate (0.1 M, pH
9.0) was added FITC (1 mg/mL DMSO, 0.47 mL, 10 eq) and the reaction incubated at 4
°C in the dark for 4 hours. NH4ClI (0.5 M, 0.5 mL) was added to a final concentration of
50 mM and incubated for 2 hours. The resulting solution was washed HEPES binding
buffer (20 mM HEPES, 100 mM NaCl, 10 mM CaClz, pH 7.8) using an Amicon 30kDa
MCWO filter. Concentration was calculated by Equation 8.4.

6.11 Ligand synthesis

LA-EGi-dimannose (11a-c) and LA-EG,-fucose (10a-c) were prepared as described in
Chapter 2. The sulfonyl fluoride affinity tag (17) was prepared as follows.

0]

F “ 38% F” u

Amine 15 (50 mg, 0.068 mmol) and TEA (10 pL, 0.068 mmol) were dissolved in dry DMF
(3 mL), then 4-fluorosulfonylbenzoyl chloride 16 (15 mg, 0.068 mmol) in dry DMF (1 mL)
was added dropwise. The reaction was stirred at RT for 3 days. The reaction was
concentrated in vacuo and the residue purified by FCC (silica, 0-10% MeOH in CH.Cl,).
The desired fractions were combined and concentrated in vacuo to afford the desired
product as a yellow oil (24 mg, 0.026 mmol, 38%).

'H NMR (501 MHz, CDCls) 5 8.12 (d, J = 8.3 Hz, 2H), 8.06 (d, J = 8.7 Hz, 2H), 7.69 —
7.40 (m, 1H), 6.21 (s, 1H), 3.84 — 3.48 (m, 42H), 3.43 (q, J = 5.2 Hz, 2H), 3.23 — 3.04
(m, 2H), 2.53 — 2.38 (m, 2H), 2.18 (td, J = 7.5, 1.3 Hz, 2H), 1.90 (dg, J = 13.9, 6.9 Hz,
1H), 1.76 — 1.57 (m, 4H), 1.56 — 1.40 (m, 2H), 1.36 — 0.73 (m, 2H)."*C NMR (126 MHz,
CDCls) & 171.79, 164.19, 140.27, 134.13, 133.93, 131.11, 131.03, 130.94, 127.70,
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127.56, 127.45, 126.50, 69.55, 69.53, 69.51, 69.49, 69.46, 69.44, 69.21, 69.20, 68.90,
68.53, 55.42, 39.22, 39.20, 38.15, 37.45, 35.47, 35.32, 33.66, 32.94, 28.68, 27.92, 24.60,
24.37, 23.93. F NMR (376 MHz, CDCl;) & 65.96. HRMS: calculated m/z for
Cs9HesFN2015S3 (M+H)™ 919.3766; found 919.3792

6.12 Gold nanoparticle preparation

G5- G13- and G27-glycans were prepared as described in Section 2.4.2. G13- and G27-
glycan:SF were prepared by premixing 5 mM solutions of glycan and affinity tag in a 5:1,
10:1 or 20:1 v/v ratios then adding to G13- or G27- BSPP as described in Section 2.4.2.5.

6.13 Dynamic light scattering

Dynamic light scattering was carried out as described in Section 2.6. The resulting Dh
values are reported as xc + 2 FWHM. All protein containing samples were performed by
mixing G27-glycan:SF with DC-SIGN in a 1:25 ratio.

6.14 Affinity pull down assay

6.14.1 Binding affinity

DC-SIGN-atto643 was mixed with G27-glycans/sunfonyl fluoride at varying
concentrations of DC-SIGN (1, 2, 4, 8, 16, 32, 64 nM) at a fixed protein to gold ratio of
25:1 in binding buffer with 1% triton (20 mM HEPES, 100 mM, NaCl, 10 mM CacCl2, pH
7.8). The mixture was incubated on a shaker at 4 °C for 2 hours then centrifuged at 6000
x g for 15 minutes. The supernatant was removed and the fluorescence intensity
measured on a Cary Eclipse Fluorescence Spectrophotometer using a 0.70 mL quartz
cuvette under a fixed Aex of 630 nm over a range of 650-800 nm. The excitation and
emission slit widths and instrument PMT voltages were adjusted to compensate the low
fluorescence signals at low concentrations. The fluorescence intensity of the protein in
the absence of the G27-glycans, recorded under identical experiment conditions, were
used to calculate % bound using Equation 8.1, and the resulting % bound-concentration
relationship was fitted by Hill's Equation 8.2 to derive the apparent binding Ky values.

6.14.2 Covalent labelling yield

DC-SIGN-atto643 (25 nM) was mixed with G27 glycan/sunfonyl fluoride (1 nM) in 400 pL
of binding buffer with 1% triton (20 mM HEPES, 100 mM, NaCl, 10 mM CaCl2, pH 7.8).
The mixture was incubated on a shaker at 4 °C for 2 hours then centrifuged at 6000 x g
for 15 minutes at 4 °C. The supernatant was carefully removed and the fluorescence
intensity (F1) measured on a Cary Eclipse Fluorescence Spectrophotometer usinga 0.70
mL quartz cuvette under a fixed Aex of 630 nm over a range of 650-800 nm. The pellet
was washed with 400 uL HEPES containing 1% triton followed by centrifugation at 6000
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x g for 15 minutes. The supernatant was carefully removed and 400 uL of 50 mM
mannose in binding buffer with 1% triton was added to the pellet and the samples
incubated at RT for 20 minutes, followed by centrifugation at 6000 x g for 15 minutes.
The supernatant was carefully removed and measured for its fluorescence intensity (F2).
The sum of F1 and F2 was then compared to the fluorescence intensity of the protein in
the absence of the G27-glycans, recorded under identical experiment conditions were
used to calculate the covalent labelling yield through Equation 8.3.

Alternatively BSA-FITC (25 nM) was mixed with G27 glycan/sunfonyl fluoride (1 nM) in
400 pL of binding buffer with 1% triton (20 mM HEPES, 100 mM, NaCl, 10 mM CaCl2,
pH 7.8). The mixture was incubated on a shaker at 4 °C for 2 hours then centrifuged at
6000 x g for 15 minutes at 4 °C. The supernatant was carefully removed and the
fluorescence intensity (F1) measured on a Cary Eclipse Fluorescence
Spectrophotometer using a 0.70 mL quartz cuvette under a fixed Aex of 495 nm over a
range of 510-630 nm. The fluorescence intensity of the protein in the absence of the
G27-glycans, recorded under identical experiment conditions were used to calculate the
covalent labelling yield as previously described.

6.14.3 Time course of covalent labelling

DC-SIGN-atto643 (25 nM) or BSA-FITC (25 nM) was mixed with G27 glycans/sulfonyl
fluoride probes (1 nM) in 400 pL of binding buffer with 1% triton (20 mM HEPES, 100
mM, NaCl, 10 mM CaCl2, pH 7.8) and incubated on a shaker at 4 °C for 0.5, 1, 2, 6, 24
hours and 48 hours, then the same procedure as described in Section 6.14.2 was
performed.

6.14.4 DC-SIGN vs BSA selectivity

DC-SIGN-atto643 (25 nM) and BSA-FITC (125 nM) were mixed with G27
glycans/sulfonyl fluoride probes (1 nM) in 400 uL of binding buffer containing 1% triton
(20 MM HEPES, 100 mM, NaCl, 10 mM CaCl2, pH 7.8) and incubated on a shaker at 4
°C for 2, 24 and 48 hours, then the same procedure as described in Section 6.14.2 was
performed, measuring at both a Aex of 630 nm over a range of 650—-800 nm followed by
Aex of 495 nm over a range of 510-630 nm.

6.14.5 Proteomics

DC-SIGN (DC020) (200 nM) was mixed with G13-dimannose:SF(5:1) or G13-fucose
(5:1) (20 nM) in 1 mL HEPES buffer containing 1% triton (20 mM HEPES, 100 mM, NaCl,
10 mM CaCl2, pH 7.8) and incubated on a shaker at 4 °C for 48 hours. The mixture was
centrifuged at 17000 x g for 60 minutes and the supernatant removed. 50 mM mannose
in HEPES buffer with 1% triton X was added to the pellet and the mixture agitated on a
shaker for 20 minutes at RT. The mixture was then centrifuged at 17000 x g for 60



156

minutes and the supernatant removed. This washing step was repeated. The resultant
pellet was further washed with 50 mM ammonium bicarbonate buffer (50 mM ammonium
bicarbonate, pH 8.0) and the mixture was centrifuged at 17000 x g for 60 minutes and
the supernatant removed.

6.14.5.1 On-GNP trypsin digestion

The pellet was resuspended in 400 uL 50 mM ammonium bicarbonate buffer pH 8.0.
Dithiothreitol (DTT) was added to a final concentration of 10 mM and the solution
incubated at 37 °C for 1 hour. lodoacetamide (IAA) was added to a final concentration of
20 mM and the mixture incubated at RT for 1 hour in the dark. A further 10 mM of DTT
was added for 10 minutes at 37 °C then the mixture was centrifuged at 17000 x g for 60
minutes and the supernatant removed. The pellet was resuspended in 250 pL
ammonium bicarbonate buffer pH 8.0.and trypsin was added in a 50:1 w/w DC-
SIGN:trypsin ratio, assuming 65% covalent labelling of the original DC-SIGN
concentration. The mixture was shaken at 300 rpm at 37 °C for 16 hours, then centrifuged
at 17000 x g for 60 minutes. The supernatant was collected. The pellet was washed with
250 pL 50% ACN centrifuged at 17000 x g for 60 minutes and the supernatant collected.
This washing step was repeated once more. The combined supernatants were then
lyophilised, and desalted using a Pierce C18 spin column according to the
manufacturer’s instructions. After lyophilising again, the resulting desalted peptides were
resuspended in 0.1% formic acid. Peptide separation was performed on a Bruker
nanoElute Il nanoflow UHPLC system equipped with 5mm PepMap™ Neo Trap
Cartridge (product-174500) and a lonOpticks Aurora Ultimate, 15 cm, 75 um ID, 1.6 ym
particle size, 120 A pore size. The column was maintained at 50°C. A 40 min LC was
used for peptide separation, with a flow rate of 200 nL/min. The mobile phases consisted
of: Solvent A: 0.1% formic acid in water, Solvent B: 0.1% formic acid in acetonitrile. The
gradient profile was as follows: 10% B to 25% B over 20, min, 25% B to 35% B over 8
min, hold at 95% B for 8 min.

Mass spectrometric analysis was performed on a timsTOF Pro 2 mass spectrometer
(Bruker Daltonics) operated in DDA PASEF mode (Parallel Accumulation Serial
Fragmentation). The instrument was coupled online to the nanoElute Il via a
CaptiveSpray nano-electrospray ionization source. Instrument settings included:
Capillary voltage: 1.6 kV, dry gas: 3.0 L/min, dry temperature: 200°C. TIMS settings:
Mass range: m/z 100-1700, ramp rate: 9.43 Hz, ramp time: 100 ms, range: 1/K, = 0.7—
1.5 V-s/cm?, 1 MS + 10 PASEF MS/MS scans per cycle. Total cycle time: 1.17 sec,
charge state: 0 — 5.
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6.14.5.2 Off-GNP trypsin digestion

The pellet was resuspended in 25 pL of Laemmli buffer (1% SDS, 10% glycerol, 61.5
mM tris-HCI (pH 6.8) 0.02% bromophenol blue) containing 2.5% mercaptoethanol and
heated to 90 °C for 10 minutes. The sample was centrifuged at 17000 x g for 60 minutes
and the supernatant collected. The resulting pellet was then retreated in this manner.
The combined supernatants were then resolved by SDS page using a 5% stacking gel
and 17% running gel, or submitted to the Astbury centre for analysis:

Samples were subjected to S-TRAPTM digestion, as per the instructions (PROTIFI, NY,
USA). Briefly, Samples were initially reduced and alkylated using 20 mM DTT for 10
minutes and 40 mM IAA for 30 minutes respectively followed by acidification of samples
using 5.5% phosphoric acid. Acidified samples were then trapped on S-TRAP columns
after the addition of sample buffer (100 mM TEAB in 90% methanol) and 1 ug trypsin.
Followed by washing with sample buffer, S-TRAP is covered with trypsin and incubated
at 47 °C for 90 minutes. Eluted peptides were concentrated in the speedvac concentrator
and reconstituted in 0.1% FA.

LC-MS/MS analyses of peptide mixtures were done using Vanquish Neo UHPLC system
connected to Orbitrap Eclipse Tribrid mass spectrometer (Thermo Fisher Scientific).
Prior to LC separation, tryptic digests were concentrated and desalted using a trapping
column (300 pm x 5 mm, yPrecolumn, 5um particles, Acclaim PepMap100 C18, Thermo
Fisher Scientific) at room temperature. After washing of trapping column with 0.1 %
formic acid (FA), the peptides were eluted (flow rate — 0.25 nl/min) from the trapping
column onto an analytical column (EASY spray column, Acclaim Pepmap100 C18, 2um
particles, 75 ym x 500 mm, Thermo Fisher Scientific) at 45 °C by a 75 minute linear
gradient program (2-40 % of mobile phase B; mobile phase A: 0.1 % FA in water; mobile
phase B: 0.1 % FA in 80 % ACN). Equilibration of the trapping column and the analytical
column was done prior to sample injection to the sample loop. The analytical column with
the emitter was directly connected to the ion source.

MS data were acquired in a data-dependent strategy. The survey scan range was set to
m/z 350-2000 with the resolution of 120,000 (at m/z 200) with a target value of 3x106
ions and maximum injection time of 50 ms. HCD MS/MS (30% normalized fragmentation
energy) spectra were acquired for maximum injection time of 54 ms and resolution of 30
000 (at m/z 200). Dynamic exclusion was enabled for 60 s. The isolation window for
MS/MS fragmentation was set to 1.2 m/z.

The mass spectrometric RAW data files were analyzed using the Proteome Discoverer
software (Thermo Scientific, version 3.0.0757). Searches were done against a cRAP
database containing protein contaminants like keratin, trypsin, etc., and FASTA file
consisting of dedicated DC-SIGN sequence. Oxidation of methionine, deamidation (N,
Q) acetylation (protein N-terminus), modifications from affinity tag, dimannose ligand and
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fucose ligand as optional modification and carbamidomethyl on cysteine as static
modification were used. Trypsin (full) enzyme with 2 allowed miss cleavages were set.
Mass spectra were searched using precursor ion tolerance 10 ppm and fragment ion
tolerance 0.02 Da. Peptides and proteins FDR threshold set to <0.01 and proteins with
at least one peptide were taken for further analysis.

Acknowledgement to the Mass Spectrometry facility at Faculty of Biological Sciences,
University of Leeds, Leeds, UK, for measurement of samples using The Orbitrap Eclipse
Tribrid and Vanguish Neo UPLC that is funded by the Wellcome Trust (223810/Z/21/Z).
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Chapter 7 — Exploring the use of G5 glycans to modulate IL-23
and IL-10 production and downstream T cell responses via DC-
SIGN

7.1 Introduction

The immune system relies on carbohydrate binding proteins, such as DC-SIGN, to
monitor signals from the cell’s external environment. To do so, they bind pathogen
associated molecular patterns (PAMPs) on microbes, interpret these binding events and
relay this information to the cell and its neighbours to initiate an appropriate cellular
response.(93) In DCs, these lectins not only serve as molecular anchors enabling cells
to latch onto pathogens, but they facilitate internalisation and trafficking of pathogens
into endolysosomal compartments where they are processed to later be presented as
antigens on MHC molecules.(395) They also play a critical role in regulating DC
maturation which occurs upon recognition of certain pathogenic components, and leads
to the upregulation of the accessory molecules necessary for T cell co-stimulation,
thereby activating T cells.(396)

Importantly, beyond pathogen uptake and T cell engagement, lectins are important
molecules in the modulation of immune responses, capable of triggering specific cytokine
production and therefore tailoring the immune response towards different T cell lineages
(Th1, Th2, Th17, Th9 etc) depending on the pathogen recognised.(4, 397) In isolation,
recognition of pathogens by lectins is often not enough to trigger these responses but in
cooperation with different innate signalling molecules such as TLRs, cytokine production
is activated and an immune response is generated.(398) Upon pattern recognition, some
lectins such as Langerin can promote immune tolerance and suppress excessive
inflammation, while others like Dectin-1 and Mincle initiate strong pro-inflammatory
responses.(399-401) DC-SIGN occupies a unique position in this spectrum, capable of
both regulating tolerance and driving inflammation depending on its ligand and
context.(52)

A number of studies have demonstrated that DC-SIGN is capable of distinguishing
between distinct glycan ‘fingerprints’ on pathogens, which leads to different downstream
effects on cytokine production. For example, the effects of LPS recognition by TLR4 can
be modulated by co-engagement of DC-SIGN, switching between pro-inflammatory and
regulatory cytokine profiles depending on the specific glycan recognised.(52) Mannose
containing ligands have been reported to increase production of the inflammatory
cytokines IL-12 and IL-6, key cytokines involved in promoting both the Th1 and Th17

immune response associated with tissue inflammation and many auto-inflammatory
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diseases.(235, 402) On the other hand, fucose containing ligands such as the Lewis
antigens have demonstrated an ability to modulate the immune response towards
tolerance, by decreasing the amount of IL-12, IL-6 and IL-23 observed when compared
to stimulation by LPS alone.(92) Instead, fucose tends to trigger upregulation of
chemokines and IL-10, which are associated with humoral immune responses and the
activation of antibody producing B cells.(403)

This ligand specific signalling is believed to arise from differences in how DC-SIGN
interacts with intracellular adaptor proteins following receptor engagement. Mannose
ligands led to the recruitment of the raf-1 protein to the signalosome complex, which
promotes NF-kB p65 subunit acetylation, leading to increased transcription of
inflammatory cytokines and a Th1 immune response.(331) In contrast, fucose ligands
fail to recruit raf-1 and instead trigger an alternative pathway leading to the formation and
translocation of a NF-kB p50 homodimer, directing a Th2 immune response. From these
studies it has been determined that the composition of the DC-SIGN signalling complex
is glycan-specific with mannose and fucose ligands driving the distinct immunological

outcomes.

Understanding how DCs interpret glycan signals to modulate immune responses is
essential for developing new therapeutic strategies to target infection, inflammation, and
cancer.(1, 402, 404) In particular, the role of DC-SIGN in regulating IL-10 and IL-23 is
central to understanding how innate immune signals shape downstream T cell responses
in autoimmune disease. These two cytokines represent opposing ends of the immune
response spectrum: IL-10 is a potent anti-inflammatory cytokine associated with immune
tolerance and the suppression of excessive immune activation, while IL-23 is a pro-
infammatory cytokine linked to Th17 cell differentiation, autoimmunity, and antifungal
immunity.(405, 406) The interplay between these cytokines is significantly influenced by
DC-SIGN signalling, particularly under conditions of co-stimulation with microbial
components such as LPS.(52, 92)

While IL-23 has a vital role in antifungal immunity, IL-23 driven IL-17 has been implicated
in the pathogenesis of numerous chronic inflammatory diseases.(245) Strong evidence
supports the role of IL-23/IL-17 in conditions such as ankylosing spondylitis(304),
psoriatic arthritis(407) inflammatory bowel disease(299) and skin disorders like
psoriasis(315). Notably, IL-23 is required for both initial generation of Th17 cells, and
sustaining their inflammatory function. (259)

Emerging evidence also suggests a compelling link between fungal infections, innate
immune sensing via C-type lectins such as DC-SIGN, and the development of chronic
inflammatory conditions, including the spondyloarthropathies.(358, 359, 361, 362, 408)
These diseases, which include ankylosing spondylitis and psoriatic arthritis are
characterised by IL-23/IL-17 driven inflammation. Several GWAS have identified
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polymorphisms in the genes encoding components of the IL-23 signalling axis in SpA
patients, and IL-23/IL-17 blockade has proven to be one of the best therapies for some
of these diseases, far better than traditional TNF blockers which were previously
considered as the gold standard for these diseases, reinforcing the role of IL-23 and IL-
17 in driving pathology.(409) Fungal and bacterial cell wall glycans, such as mannose-
and fucose- containing polysaccharides are potent ligands for DC-SIGN and other lectin
receptors. It is hypothesised that an initial encounter with pathogens, especially in those
with susceptible genetic background, could prime DCs to produce IL-23 in response to
pathogen recognition, particularly when co-stimulated by microbial components like LPS.
This early immune skewing may help initiate chronic inflammation, potentially
contributing to the onset of SpA-like pathology. Understanding how specific glycans
influence this IL-23 immune response via DC-SIGN could provide new insight into the
microbial triggers of SpA.

While previous chapters have introduced the ability of DC-SIGN in recognising pathogen-
associated carbohydrate structures, this chapter focused specifically on the downstream
immunological effects that arise from DC-SIGN engagement by multivalent glycan
nanoparticles. In particular, this chapter investigated how monocyte derived DCs interact
with glycan-coated gold nanoparticles to modulate the production of IL-23 and IL-10
when co-stimulated with other pattern recognition receptor agonists including LPS, heat
kiled Salmonella typhimurium and the ligands PAM3CSK4 and PAM2CSK4. In
particular, the effect of multivalent glycan type and linker length on cellular responses
was investigated and discussed, as this has previously had an impact on the binding
affinity of GNPs with DC-SIGN.

A key objective of this study was to determine whether these glycan mediated effects on
cytokine production were driven exclusively by DC-SIGN or whether other glycan binding
receptors such as the macrophage mannose receptor (MMR) also contribute to observed
effects. To address this, an antibody blocking approach was employed alongside
quantitative analysis of nanoparticle internalisation. Finally, the work in this chapter
examined the downstream consequences of glycan-DC interactions on T cell activation
and the skewing of immune responses towards or away from the LPS driven Th17
response. To explore this, T cell proliferation was quantified by flow cytometry and T cell
specific cytokines were measured using a high sensitivity bead based immunoassay.
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7.2 Results and discussion

7.2.1 Exploration of MoDCs for use as DC mimics

To study the modulation of IL-23 and IL-10 production relating to DC-SIGN signalling, a
robust way of isolating or generating DCs needed to be obtained. DCs comprise a small
population of peripheral blood mononuclear cells (PBMCs), accounting for only 1-2 % of
total cells and therefore isolating DCs directly would require a high volume of sample,
high reagent usage and lots of waste by products. An easier way to generate and study
DCs was to differentiate them from monocytes, which were an easier population to
isolate, making up 10-20 % of PMBCs. Monocyte derived DCs (MoDCs) do occur
naturally in the bone marrow, but can be produced in the lab by culturing enriched
monocytes in the presence of IL-4 and granulocyte macrophage colony stimulating factor
(GM-CSF). Throughout this process, cells lose monocyte cell markers (CD14) and start
to express DC markers, such as DC-SIGN (CD209). To follow the process and ensure
successful differentiation, the cell types were characterised by flow cytometry. Cells pre-
and post- culture were stained with CD14 and DC-SIGN dye conjugated antibodies and
their fluorescence intensity observed via flow cytometry (Figure 7.1). The THP-1
monocyte cell line was also explored by attempting to stimulate upregulation of DC-SIGN
under conditions such as phorbol myristate acetate (PMA) and conventional IL-4 + GM-
CSF for different time courses as a more convenient methodology for rapid DC
generation.(410)
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Figure 7.1 Up-regulation of DC-SIGN expression measured by flow cytometry. A) a flow
cytometry dot plot showing the increase DC-SIGN (CD209) and decrease in CD14
expression upon differentiation of monocytes (green) isolated from human PBMCs into
DCs(red), differentiated by culturing human monocytes with GM-CSF and IL-4 for 6 days.
B) Bar graph showing DC-SIGN cell surface expression on THP-1 cells cultured in the
presence of either PMA or GM-CSF and IL-4 or left untreated, or on monocytes isolated
from human PBMCs or DCs differentiated from human monocytes with GM-CSF and IL-
4. Median fluorescence intensity (MFI) measured by flow cytometry is used to represent
DC-SIGN surface expression. ***p<0.001 (paired t-test)

As expected, monocytes left untreated for 7 days retained high levels of CD14
expression but low levels of DC-SIGN (Figure 7.1A). Treatment with IL-4 and GM-CSF
caused a reduction in CD14 levels, and DC-SIGN increased significantly over four fold,
confirming successful differentiation from monocytes into MoDCs (Figure 7.1A-B). The
THP-1 cell line was explored in an attempt to eliminate the need for donor blood samples
and increased processing times, however, stimulation under all conditions showed very
minimal increases in surface DC-SIGN expression, with the highest levels still below that
of undifferentiated monocytes from blood. Although it is possible that these THP-1 cells
expressed other typical DC markers, and may represent DC in other forms, this thesis
focuses on the modulation of immune cell responses as a direct result of DC-SIGN and
therefore high DC-SIGN expression was an essential requirement in this situation and
the THP-1 cell line was ruled out as a potential avenue from which to generate DCs. It is
evident from Figure 7.1B that variation between donors can be large and hence, where
possible, =5 donors were used to gain a better representation of the population.
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7.2.1.1 Phenotyping DCs

In humans, DCs exist as heterogeneous population. DCs are defined as lacking T cell
markers (CD3), B cell markers (CD19/20), NK markers (CD56) and monocyte markers
CD14/16 but they do express HLA-DR (MHC-II). Among the DC population exists several
subpopulations and subsets which can be differentiated between based on their
localisation, additional surface markers and gene expression profiles, these include
conventional DCs (cDCs), plasmacytoid DCs (pDCs) and common DC progenitors (pre
cDCs). Each play an essential role in initiating and shaping adaptive immune responses.

Conventional DCs are typically divided into two major subsets, cDC1s and cDC2s, with
the cDC2 population also subdividing into DC2 and DC3 populations.(411) cDC1s, which
express the marker CD141, have a greater ability to cross-present antigens than other
DC subsets and are therefore particularly efficient at initiating CD8" T cell responses,
making them key players in anti-viral and anti-tumour immunity.(412) They produce type
[l interferons and high levels of IL-12, which is a crucial supporter of Th1 immunity.(413)
On the other hand, cDC2s (which are CD1c") can drive Th1, Th2 and Th17 immunity
depending on the context.(414, 415) The DC2 subset (which are CD163") secrete IL-9,
IL-13 and some IL-12, but low levels of IL-10 and IL-1p and therefore produce mainly
Th2 T cells.(416, 417) DC3s (which are CD163") produce IL-10, IL-1B, IL-6, TNF-a, IL-
23 and IL-8, and preferentially prime Th1 and Th17 cells.(417-419) DC3s are inducers
of inflammation and have particularly important roles in autoimmunity and chronic
infection.(420)

pDCs are distinct from cDCs and can be identified by CD123 expression. They are best
known for their ability to produce IFN-a and IFN-B in high quantity in response to viral
nucleic acids.(421) They are less effective at cross presentation but can influence T cells
though their cytokine expression profiles. Pre-cDCs are bone barrow-derived and can
give rise to cDC1s and cDC2s upon migration to tissues. They are also CD123 positive
but are not major cytokine producers before migration.(419)

To assess the percentage populations of these different DC subsets in humans and
compare them to MoDCs, blood samples were taken from four donors. PBMCs were
isolated using density-gradient centrifugation and were stained according to a protocol
published by Heger et al.(Figure 7.2)(422) From the same donors, monocytes were also
isolated using a magnetic antibody labelling and positive selection technique and
differentiated into MoDCs using conventional IL-4 and GM-CSF conditions. They were
then stained using a similar panel, minus the T cell and B cell markers (Figure 7.3).
Samples were gated based off fluorescence minus one (FMO) controls (Figure B. 1) and
compensations for fluorescent dyes were carried out using the CytExpert software.
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Figure 7.2 Phenotyping of peripheral blood. After a morphology gate followed by
elimination of doublets, the dead cells along with T cells (CD3"), B cells (CD19") were
excluded. HLA-DR positive cells were selected followed by elimination of CD14"" to
distinguish between monocytes and DCs. CD14™%°" were included in the DC gate since
CD14 can be expressed in low levels on some DC subsets. The CD14" and CD14™¢ cells
were separated into CD1¢c-CD123" (pDCs), CD1¢'CD123(cDC1) and CD1c¢'CD123"
(cDC2s). Human cDC1 were identified in the CD1¢c"CD123™ compartment by their high
expression of CD141. cDC2s were further subdivided into CD163" (DC3s) and CD163"
(DC2s). Data acquisition was performed on a CytoFLEX LX and data was analysed using
the CytExpert software.



166

Table 7.1 Table summarising the frequency of analysed DC populations in the blood

(N=4)
Population cDC1 cDC2 pDC
cDC2 (total) DC2 DC3

Frequency of |, g 1.38 0.42 0.96 0.27
living cells (%)

SD (%) 0.11 0.11 0.20 0.35 0.11
Frequency of

DC (%) 41.03 3491 12.71 22.20 6.84
SD (%) 3.08 2.20 5.21 7.14 1.87
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Figure 7.3 Phenotyping of MoDCs. After a morphology gate followed by elimination of
doublets, the dead cells were eliminated. HLA-DR positive cells were selected followed
by elimination of CD14"" to distinguish between monocytes and DCs. CD14™"% were
included in the DC gate since CD14 can be expressed in low levels on some DC subsets.
The CD14'and CD14™ cells were separated into CD1¢'CD123" (pDCs), CD1¢'CD123
(cDC1) and CD1¢"CD123 (cDC2s). Human cDC1 were identified in the CD1c™CD123~
compartment by their high expression of CD141. cDC2s were further subdivided into
CD163" (DC3s) and CD1637(DC2s). Data acquisition was performed on a CytoFLEX LX
and data was analysed using the CytExpert software.
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As anticipated, the unenriched leukocytes contained a variety of the different DC
populations, the percentages of which can be seen in Table 7.1. While it would be
interesting to isolate each of these DC populations and compare their cytokine responses
in the presence of DC-SIGN modulators, the percentages cDC2s which are the main
producers of IL-23 and drivers of Th17 immune responses were found to be very low
(1.38%) and sorting these cells would be time consuming, expensive and energy
exhaustive. They were also not tested for DC-SIGN expression.

On the other hand, MoDCs were found to be mainly cDC2 type (DC1c*CD123"). While
they do not encompass the full diversity of the human DC compartment, they remain a
widely accepted and practical model for studying DC function, particularly when
stimulated under inflammatory conditions.(423) In this thesis, MoDCs were used to
investigate IL-23 production, a cytokine central to the induction of the Th17 response.
Notably, this data indicating their resemblance to the cDC2 subset aligns with other
transcriptional and functional observations, where they have been shown to drive Th17
polarisation.(390, 424) Therefore, given their accessibility, responsiveness to in vitro
stimulation, relevance to inflammatory cytokine production and high DC-SIGN
expression, the use of MoDCs herein provided a suitable model system for dissecting
DC-SIGN driven IL-23 modulation, despite their limitations in representing the full in vivo
heterogeneity of human DCs.

7.2.1.2 MoDC maturation

After confirming the use of MoDCs as a model for this study, the bacterial endotoxin LPS
was added to induce DC maturation. During the maturation process, DCs are primed to
upregulate CD80 and CD86, critical co-stimulatory molecules for T cell engagement. In
addition to CD80 and CD86 expression, stimulation with LPS activates signalling
pathways that lead to the transcription of cytokines through the transcriptional factor NF-
KB. This is mediated by the cell surface receptor TLR4 which binds LPS and recruits a
series of cytoplasmic adaptor proteins, ultimately resulting in the degradation of the
inhibitory protein, IkBa. This degradation allows NF-kB to translocate to the nucleus
where transcription is initiated.(425) LPS stimulation not only drives the upregulation of
costimulatory surface molecules like CD80/86 but also leads to the production of
inflammatory cytokine IL-23 and the anti-inflammatory cytokine IL-10. Other cytokines
produced by MoDC upon LPS stimulation include IL-6, IL-8 and TNF-a, however these
were not measured in this study.(426)

DC maturation was monitored by flow cytometry and as expected, stimulation with LPS
resulted in significant upregulation of co-receptor expression (Figure 7.4). Initially,
differences in marker expression between unstimulated DCs and LPS-stimulated DCs
was assessed using the percentage of positive cells, based on a threshold determined
by a gated control. However, this approach proved limited by certain donors where
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baseline expression of CD80/86 was already relatively high prior to stimulation (Figure
B. 2). As a result, increases in expression following LPS treatment were not reliably
reflected by the percentage of positive cells, since many cells were already above the
gated threshold. To address this, median fluorescence intensity (MFI) was adopted as a
more accurate and quantitative measure of marker expression. Unlike using the
percentage positive classification, MFI accounts for the fluorescence intensity of all
events within the gated population, enabling the detection of expression changes even
when cells are already expressing the marker before stimulation. This provided a more

sensitive measure of shifts in co-receptor expression.
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Figure 7.4 Flow cytometry dot plots representing A) CD80 expression and B) CD86
expression on unstimulated (yellow) and LPS stimulated (purple) MoDCs for one donor.
Bar graphs representing C) CD80 and D) CD86 expression on unstimulated and LPS
stimulated MoDCs expressed as MFI. Bar graph data are representative of at least six
independent experiments.*p<0.05, ***p<0.001 (paired t-test)

Figure 7.4 shows that stimulation of MoDCs with LPS led to a significant increase in both
CD80 and CD86 expression. This upregulation is a well-established marker of DC
maturation. In addition to the observed increase in surface co-receptor expression, LPS

stimulation also induced transcription of the cytokines IL-23 and IL-10. To assess
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cytokine secretion, levels of IL-23 and IL-10 were quantified by an enzyme linked
immunosorbent assay (ELISA) on the cell culture supernatants. A concentration of 10
ng/ml of LPS was selected to ensure detectable cytokine expression while avoiding
maxing out the cellular response, thereby allowing potential modulatory effects to be
detected in either direction. Under these conditions, both IL-23 and IL-10 were secreted
at significantly higher levels compared to the unstimulated controls, which produced
negligible amounts of both cytokines at concentrations typically falling below the ELISA
detection threshold (Figure 7.5).
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Figure 7.5 Bar graphs showing A) IL-23 and B) IL-10 production from unstimulated and
LPS stimulated MoDCs. Cytokines were measured by ELISA and represented as pg/mL.
Data are representative of at least nine independent experiments **p<0.01 (Wilcoxon).

This study intended to monitor DC-SIGN mediated modulations of TLR4 induced
cytokine expression, however, while DC-SIGN has been studied a modulator for LPS
induced IL-23 and IL-10 production, DC-SIGN signalling alone does not lead to the
translocation of NF-kB, meaning addition of G5-glycans with no co-stimulant should not
trigger cytokine production. To confirm this and ensure cytokine production was not
induced by G5 alone, G5-glycans were added to DCs and the supernatants were
collected and measured for cytokines after 24 hrs. However, the results were not as
expected and G5-glycans alone caused DCs to produce very high levels of IL-23 (Figure
7.6). In particular, the G5-OH control which should not interact with DC-SIGN at all also
triggered IL-23 production. The likely cause of this result was deemed to be due to LPS
or whole bacterial contamination of the gold nanoparticle samples, however endotoxin
quantification tests rely heavily on a UV absorption based assay using a 405 nm
wavelength. Since 5 nm gold nanoparticles absorb strongly at this wavelength, this
method was unsuitable to quantify contamination. A qualitative method using a gel-
clotting system which indicates the presence but not the quantity of endotoxin was
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employed. This method indicated the presence of LPS in the samples, however the
sensitivity of this type of test was 0.5 endotoxin units per mL equating to 0.05 ng/mL of
LPS. Therefore even samples containing ~0.05 ng/mL of LPS (which would not result in
substantial cytokine production) would be detected rendering this method insufficient for
this purpose.
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Figure 7.6 Bar graph representing IL-23 production from MoDCs when stimulated with
G5-glycans. IL-23 was measured by ELISA and represented as pg/mL. Levels of LPS
contamination varied between samples with G5-EG2-fucose showing the greatest levels
of contamination as seen by the large production of IL-23 compared to LPS controls.
Data are representative of 3 separate experiments for G5 samples, 5 separate
experiments for 10 ng/mL LPS, and 2 separate experiments for 100 ng/mL LPS.

Although it was not possible to quantify LPS contamination, it was deemed likely this was
the cause of the IL-23 production when no co-stimulants were added. To remove this,
samples were filtered through 0.22 pm filters and were then mixed with an endotoxin
removal resin made of modified poly-L-lysine affinity ligand, capable of binding and
removing 2,000,000 EU/mL (200 ug). After treating samples under this method, levels of
IL-23 and IL-10 when DCs were stimulated with G5-glycans alone was reduced to
background levels, suggesting successful elimination of endotoxin contamination (Figure
7.7). The G5-glycans appeared to be unaffected or modified by this process, as the G5s
remained stable in aqueous solution, and endocytosis of the G5s was still observable
signifying the G5s remained coated in their respective glycan or control ligands (Figure

7.9).
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Figure 7.7 Bar graphs showing A) IL-23 production from MoDCs when stimulated with a
G5-OH control ligand before and after numerous treatments with endotoxin removal resin
which uses poly-L-lysine to bind LPS and other endotoxin contamination. The results
showed that only one treatment is needed B) IL-23 production after all ligands were
treated twice with endotoxin removal resin. Levels of IL-23 production after resin
treatment when cells were stimulated with G5-glycans were restored to background
levels. Data are representative of 2-3 separate experiments **p<0.01(Welch’s t-test).

To test G5 toxicity on MoDCs and determine a suitable working concentration, 150 nM
of purified G5s were added to cells. After 24 hours, cells were stained using a live/dead
stain and analysed by flow cytometry. The stain is only able to penetrate dead cells and
therefore if the cell population is alive, fluorescence intensity remains low. After treatment
with G5-EGe-dimannose, it was observed that there was no change in the live/dead
population of cells, and cell viability remained high after 24 hours (Figure 7.8). Therefore

150 nM was deemed a suitable concentration to use for this assay.
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Figure 7.8. A) flow cytometry dot plot showing live/dead fluorescence after treatment
with LPS (red) or LPS+G5-EGe-dimannose (150 nM) (green) for one donor. No increase
in fluorescence was observed indicating the cell population remained alive after G5
treatment. B) Bar graph showing there was no change in MF| before and after treatment
with G5-glycans for 6 independent donors.
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Interestingly, when imaging cells using light microscopy and visually checking the colour
of the cell pellet, it appeared that endocytosis of the G5 particles was dependent on the
linker length (Figure 7.9D). Cells experiencing greater levels of internalisation would be
more red/purple in colour due to the colour of the nanosized G5 particles. While both the
G5-EG2 and G5-EGe linked glycans appeared to be largely internalised for both
dimannose and fucose coated particles, the G5-EGi, glycans showed little
internalisation, especially G5-EG1.-fucose which exhibited the weakest binding affinity
with DC-SIGN in the florescence quenching assay (Chapter 4). As a control, G5-EG12-
OH was investigated and showed no visible internalisation, meaning internalisation was
dependent on the presence of the glycan on the surface (Figure 3.8C,D). Quantification
of this internalisation is explored in Section 7.2.4, but these data show that linker length
appears visually to have an effect on internalisation, which may be as direct result of
their binding affinity with DC-SIGN.

Figure 7.9 Endocytosis of G5s bearing different glycans and linker lengths. A-C) light
microscopy images of DCs after 24 hrs incubation with 150 nM A) G5-EGz-dimannose,
B) G5-EG2-fucose, C) G5-EG12-OH. D) Images of cells treated with 150nM G5-glycans
for 24 hours which were then centrifuged to pellet the cells and remove the supernatant.
From left to right; G5-EG.-dimannose, G5-EG-fucose, G5-EGs-dimannose, G5-EGe-
fucose, G5-EGio-dimannose, G5-EGi-fucose, G5-EG12-OH. Gb5-glycans were
internalised, as evidenced by the purple cell pellets, which seemingly decreased as linker
length increased. The G5-OH was not internalised.

7.2.2 IL-23 and IL-10 modulation

To investigate whether IL-23 and IL-10 modulation was dependent on DC-SIGN
signalling pathways and if binding affinity contributed to the magnitude of modulation,
gold nanoparticles bearing glycans with varying linker lengths were added to MoDCs
stimulated simultaneously with LPS. Although the multivalency of gold nanoparticles
allows for substantially higher local glycan concentrations at lower G5 concentrations, in
addition to the G5-glycans, high concentration (50 mM) of the respective free azido-
fucose (fucoseN3) (4) and azido-dimannose (dimannoseN3) (5) were included to assess
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potential modulatory effects at concentrations beyond what is feasible with gold

nanoparticles.

Since large variations in IL-23 and IL-10 production between donors was observed
following LPS stimulation, with some showing little response to LPS (20 ng/mL IL-23)
and others responding much more strongly (180 ng/mL IL-23) (Figure 7.5) trends in the
raw data were difficult to see (Figure B. 3). To normalise for this donor variation and to
determine whether the G5-glycans were able to influence IL-23/IL-10 production in a
linker length/binding affinity or glycan dependent manner, cells treated with G5-
glycans+LPS were compared to the LPS+G5-OH controls from the same donor (the free
glycans were compared to the LPS only control), and were then represented as a log2
fold change. This provided equal visual weighting of modulation above and below the
control (e.g. if normalised response is 1, then responses of 0.1 and 10 both represent a
10 fold change and would appear as the same size bars below or above the normal,
respectively). After stimulating DCs for 24 hrs with LPS and G5-glycans, IL-23 and IL-10
production was measured by ELISA.
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Figure 7.10 Bar graphs showing A) IL-23 and B) IL-10 production by MoDCs when
stimulated with LPS or LPS plus various G5-EGn-glycans/free ligands. Cytokines were
measured by ELISA and normalised to LPS stimulated (for free azido(N3) ligands) or
LPS+G5-0OH cells (for G5-glycans) (set as 1) then presented as a log2 function. Data
are representative of 4-10 independent experiments. *p<0.05, **p<0.01 (Dunnett’s
multiple comparisons test).

Firstly to note is that modulation of IL-23 using G5-glycans seemed to follow no specific
pattern between donors (Figure B. 4) G5-EG2-dimannose had the most pronounced
effect on LPS induced IL-23 production for the G5-glycans, decreasing it slightly,
whereas the response to fucose coated glycans was attenuated compared to this. It is

noted that no G5-glycan results show any statistical significance compared to the LPS-
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G5-0OH control. Additionally the G5-glycans also had no significant impact on IL-10
production.

In contrast, the free ligands exhibited significant effects. Free azido-dimannose appeared
to supress the ability of the cells to produce IL-23 whereas free azido-fucose upregulated
LPS induced IL-23. A similar result was observed for IL-10. These results are disagreeing
to some previously reported literature, where Gringhuis et al. state that mannose
containing ligands promote proinflammatory cytokine production (IL-12p40, IL-6) through
DC-SIGN signalling and fucose containing ligands dampen TLR4 induced
proinflammatory signalling.(52) However, different from the literature, the free ligands
used in this experiments contained an azide handle. To validate the assay, free mannose
with no azide was tested, which showed upregulation of IL-23 and IL-10, more closely
resembling the literature (Figure 7.10). It is interesting that the presence of an azide can
reverse the modulatory effects seen without it. Addition of the azido-glycans did not affect
cell viability and therefore the observed downregulation was not due to increased cell
death (Figure B. 5).

Interestingly however, other authors have also demonstrated the downregulation of IL-
12 and IL-23 by mannose containing DC-SIGN ligands through either TLR4 or dectin-1
co-signalling. DC-SIGN engagement with ManLAM led to decreased glucan dependent
IL-23 production, but upregulation of other inflammatory cytokines such as IL-6,(394) and
mannose glycopolymers were able to downregulate LPS/IFN-y induced IL12p70 while
upregulating IL-10, further highlighting how DC-SIGN occupies a unique position in
immune regulation and is capable of both promoting tolerance and driving inflammation,
depending on the context of its stimulation.(161)

To test if the G5-glycans failed to induce modulation due to insufficient concentration,
free glycan concentrations were reduced to match the estimated glycan density on G5
particles. Assuming ~500 glycans per G5 nanoparticles (as calculated in Chapter 3) then
150 nM Gb5-glycan corresponds to ~75 uM of azido free ligand. At this matched
concentration, the free ligands no longer induced significant cytokine modulation
compared to the LPS control. This indicated that the absence of modulation observed by
the G5-glycans could simply be a result of the concentration being too low.

Alternatively, it has been previously suggested that the shape of glycoconjugates play a
role in their ability to induce immune responses. Small dendrons displaying mannose or
fucose fail to induce cytokine production,(164) while those displaying such glycans on
polyacrylamide produced glycan specific cytokines.(52) Further, a star shaped-mannose
polymer, but not a linear-mannose polymer, has induced tolerance cytokines.(161) The
small size of these G5-glycans may be key to their limited ability to induce cytokine

modulation.
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Figure 7.11 Bar graphs comparing A) IL-23 and B) IL-10 production by MoDCs when
stimulated with LPS or LPS plus 75 uM dimannoseN3/ fucoseN3 or 50mM
dimannoseN3/fucoseN3. Cytokines were measured by ELISA and normalised to LPS
stimulated cells (set as 1) then presented as a log2 function. Data are representative of
3-10 independent experiments. *p<0.05, **p<0.01 ***p<0.001 (Dunnett's multiple
comparisons test).

Alongside cytokine production, the effect of G5-glycans on the expression of co-
receptors CD80 and CD86 was monitored. Addition of both G5-EGs-dimannose and 50
mM dimannose appeared to reduce both CD80 and CD86 expression compared to when
MoDCs were stimulated by LPS alone (Figure 7.12A). This is in line with the observed
suppression of IL-23 and IL-10, especially for free azido-dimannose. These effects did
not reach statistical significance, however, the sample size was small (4-5 donors) and
biological data often requires much larger sample sizes to determine statistical significant
due to large donor variations. Addition of G5-EGs-fucose and free fucose appeared to
have no effect on CD80/86 expression when compared to LPS alone despite increasing
IL-23 production (Figure 7.12B). This discrepancy could be due to a ceiling effect where
stimulation with LPS already leads to a maximum response and therefore further
upregulation in the presence of other ligands would not be possible. Given the
established role of CD80 and CD86 in promoting T cell activation, the downregulation as
a result of dimannose addition could impair downstream T cell responses. This possibility
is explored further in Section 7.2.5.
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Figure 7.12 CD80(left) and CD86(right) expression by MoDCs which were either
unstimulated, stimulated with LPS or stimulated with LPS in the presence of A) G5-EGe-
dimannose or free dimannoseN3, and B) G5-EG6-fucose or free fucoseN3. Data are
representative of at least 4 independent experiments. Symbols of the same colour
represent the same donor. ns (paired t-test).

7.2.3 Modulation of cytokines induced by other TLRs.

Since DC-SIGN and TLR4 co-signalling converge at the transcriptional factor NF-kB it is
plausible that signalling through other TLR receptors, which also activate NF-kB, may be
similarly modulated in the presence of DC-SIGN engagement. To investigate this
potential modulation, three TLR ligands were chosen based on their known receptor
targets and ability to activate NF-kB. These were HKST, which engages both TLR4 and
TLR2, PAM2CSK4 a diacylated lipopeptide which signals through TLR2 and TLR6 and
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PAM3CSK4 a triacylated peptide recognised by TLR1 and TLR2. These ligands are well
characterised activators of pro-inflammatory pathways and provide a useful platform for
testing whether DC-SIGN engagement differentially modulates TLR responses across
distinct TLR pairs. While the ability of these TLR pairs to induce NF-kB activation is
established, their roles in modulating IL-23 production remains less well defined.
Flagellin, as a TLRS ligand, was considered too however no detectable IL-23 was
observed when MoDCs were stimulated with flagellin alone. This was in line with
literature suggesting that although MoDCs express TLRS5, stimulation induces secretion
of IFN-y, IL-1B, TNF, IL-8, IL-12p40 (but not IL-12p70) and 1L-13.(427)

HSKT was studied first due to its overlapping TLR signalling pathway with LPS. It was
interesting to see if the addition of TLR2 signalling could influence the cytokine
outcomes. IL-23 and IL-10 were again selected as the primary cytokine of interest due
to their key roles in shaping Th17 immune responses. Similarly to the LPS stimulation,
addition of HKST significantly upregulated both CD80 and CD86 expression (Figure
7.13). Levels were similar to those observed with LPS, further validating the assumption
that expression after LPS stimulation is maximal and cannot increase further. HKST also
induced significant levels of both IL-23 and IL-10 allowing for the observation of any
modulatory effects of G5-glycans and free glycans (Figure 7.14).
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Figure 7.13 Bar graphs representing A) CD80 and B) CD86 expression on unstimulated
and HKST stimulated MoDCs expressed as MFI. Data are representative of at 6-7
independent experiments (different donors) *p<0.05, **p<0.01 (paired t-test).
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Figure 7.14 Bar graphs showing A) IL-23 and B) IL-10 production from unstimulated and
HKST stimulated MoDCs. Cytokines were measured by ELISA and represented as
pg/mL Data are representative of 5-6 independent experiments *p<0.05, **p<0.01

(Wilcoxon).
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Figure 7.15 Bar graphs showing A) IL-23 and B) IL-10 production by MoDCs when
stimulated with HKST or HKST plus various G5-EGn-glycans/free ligands. Cytokines
were measured by ELISA and normalised to HKST stimulated (for free ligands) or
HKST+G5-0OH cells (for G5-glycans) (set as 1) then presented as a log2 function. Data
are representative of at least 6 independent experiments. *p<0.05, **p<0. (Dunnett’s

multiple comparison test).

For HKST conditions, G5-EGz-dimannose and G5-EGz-fucose induced the most
significant downregulation of IL-23, suggesting that the higher affinity multivalent G5-
glycans can effectively modulate signalling pathways, even at this concentration.
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Notably, monovalent fucose had no effect on IL-23, indicating that multivalency may have
an important role — possibly due to the induction of tetramerization or clustering of DC-
SIGN on the cell surface enabling amplification signalling. The downregulation of HKST
induced IL-23 in the presence of G5-fucoses is in contrast to the upregulation of LPS
induced IL-23 in the presence of fucose, potentially indicating that DC-SIGN may engage
differently in the TLR2 pathway than the TLR4 pathway, which may have a greater

reliance on multivalency.

Similarly, all conditions downregulated HKST induced IL-10. The G5-glycans generally
showed a lesser response as linker length increased, once again supporting the
assumption that a stronger binding affinity leads to a greater modulatory response. The
downregulation of HKST induced IL-10 under all conditions reinforces the notion that
DC-SIGN may interact differently with TLR2 signalling cascades than it does for TLR4
signalling. Alternatively these data may indicate the involvement of mannose/fucose
binding receptors other than DC-SIGN which actively engage in co-signalling with TLR2,
but not TLR4, to regulate cytokine production. While IL-10 suppression would generally
favour pro-inflammation, the simultaneous reduction in IL-23 suggests an inflammatory
response that does not necessarily favour Th17 polarisation.

Next, the ligands PAM2CSK4 and PAM3CSK4 were investigated. Since HKST signals
through TLR4 and TLR2, but the G5-glycan induced IL-23 and IL-10 modulations were
different than when treated with LPS which signals only through TLR4, it was interesting
to investigate whether signalling through other TLR2 ligands would also incur a similar

responses.

First, MoDCs were treated with PAM2CSK4 or PAM3CSK4 alone which, for most donors,
were poor inducers of IL-23 (Figure 7.17A). This response was largely the same when
stimulating with 100 ng/ml and 1 pg/ml suggesting this is the maximum response of
MoDCs to these ligands. This result was not unexpected as other studies employing
these ligands on an MoDC model also showed limited IL-23 production.(390) In these
same studies however, IL-23 was produced in much greater quantities in the presence
of a NOD2 ligand (muramyl dipeptide) and the TLR7/8 ligand R848 - conditions used in
combination with TLR2 ligands to mimic IL-12 and IL-23 production by M. tuberculosis.
Therefore, although downregulation of IL-23 would be difficult to observe due to the low
baseline levels making it difficult to compare to HKST, it was still interesting to observe
if addition of these fungal ligands could mimic the upregulation induced in the presence
of NOD2 or TLR7/8 ligands. IL-10 production in response to PAM2CSK4 and
PAM3CSK4 was more significant (Figure 7.17B), making modulation in both directions
easier to observe. PAM2CSK4 upregulated CD80 but had no significant effect on CD86
and PAM3CSK4 stimulation did not impact either CD80 or CD86 expression (Figure
7.16) indicating a lack of DC maturation which could account for the limited IL-23
production.
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Figure 7.16 Bar graphs representing A) CD80 and B) CD86 expression on unstimulated
and PAM2CSK4 or PAM3CSK4 stimulated MoDCs expressed as MFI. Data are
representative of at least 5 independent experiments. *p<0.05 (paired t-test).
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Figure 7.17 Bar graphs showing A) IL-23 and B) IL-10 production from unstimulated and
PAM3CASK4 or PAM2CK4 stimulated MoDCs. Cytokines were measured by ELISA and
represented as pg/mL Data are representative of 6 independent experiments (different

donors) *p<0.05 (Wilcoxon).
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PAM2CSK4, the TLR2/6, agonist was added to MoDCs alongside the G5-glycans and
free ligands. IL-23 production was insignificantly changed for all G5-EG,-dimannose
conditions. Free dimannose, which under other conditions had, thus far, shown an ability
to downregulate IL-23 production, also did not respond. However, this is likely due to the
low initial baseline levels of IL-23 induced by PAM2CSK4 meaning downregulation was
not observable. All G5-EGn-fucose showed a trend of upregulating IL-23, although only
G5-EGx-fucose reached statistical significance. This would reinforce the assumption that
the binding affinity is important in vivo and the shortest EG; linkers with the highest
affinity for DC-SIGN have the greatest impact on cytokine production. Free fucose was
also seemingly able to upregulate IL-23 although this did not reach statistical
significance. While this data matches that observed for LPS it is contradictory to that
observed for HKST where it was hypothesised that TLR2 involvement would lead to a
reduction in IL-23 in the presence of fucose.

For IL-10, G5-glycans tended to downregulate production in a linker dependent fashion,
more similar to HSKT. Although in this instance, both free dimannose and fucose showed
an increase production of IL-10, which was not observed for the HKST conditions and
was contradictory to the multivalent binding, again implicating a switch in signalling upon
DC-SIGN clustering via multivalent binding. However, these changes were all
insignificant compared to the controls. Furthermore, no conditions had any significant
effect on PAM3CSK induced IL-10 and only free fucose was able to significantly
modulate IL-23 under these conditions. Overall this data is largely contradictory,
indicating the need for further detailed investigations into the complex and context
specific nuanced signalling interactions between DC-SIGN and TLR2, TLR1 and TLR6
to determine if DC-SIGN has a significant role in modulating these TLR pathways.
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Figure 7.18 Bar graphs showing A) IL-23 and B) IL-10 production by MoDCs when
stimulated with PAM2CSK4 or PAM2CSK4 plus various G5-EGn-glycans/free ligands.
Cytokines were measured by ELISA and normalised to PAM2CSK4 stimulated (for free
ligands) or PAM2CSK4+G5-OH cells (for G5-glycans) (set as 1) then presented as a
log2 function. Data are representative of 6 independent experiments. *p<0.05 (Dunnetts
multiple comparison test).
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Figure 7.19 Bar graphs showing A) IL-23 and B) IL-10 production by MoDCs when
stimulated with PAM3CSK4 or PAM3CSK4 plus various G5-EGn-glycans/free ligands.
Cytokines were measured by ELISA and normalised to PAM3CSK4 stimulated (for free
ligands) or PAM23CSK4+G5-OH cells (for G5-glycans) (set as 1) then presented as a
log2 function. Data are representative of 6 independent experiments. *p<0.05 (Dunnett’s
multiple comparison test).
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7.2.4 DC-SIGN and macrophage mannose receptor blocking

To further study the carbohydrate mediated immune modulation of DC cytokine
responses observed in Section 7.2.2, a targeted antibody inhibition strategy focussing
on DC-SIGN and the macrophage mannose receptor (MMR, CD206) was employed.
Specifically, the monoclonal antibody mab161 was chosen to target DC-SIGN, and
clone15-2 was used to inhibit MMR. Both of these antibodies target the carbohydrate
binding regions of their respective lectins, blocking the interaction between these lectins
and their ligands and thereby inhibiting binding and carbohydrate mediated immune
modulation capabilities.

This approach was aimed at determining whether the observed dimannose and fucose
mediated modulation of LPS induced IL-23 and IL-10 production by DCs was solely
dependent on DC-SIGN or whether other lectins, such as the MMR, also play a crucial
role. Previous studies have shown that both DC-SIGN and the MMR bind carbohydrates
such as mannose and fucose, and that blocking DC-SIGN with inhibitor AZN-1 abrogates
immune modulation.(52) On the other hand, the MMR has been less intensely studied
for its immune modulation capabilities, with studies largely focussing on its endocytic
functions.(428) There is some evidence suggesting MMR may be involved in immune
modulation of IL-17 in response to Candida albicans, and does strongly bind fucose
despite its name.(391, 429)

To explore this, MoDCs were pre-treated with either mab161, clone15-2, or both, 1 hour
prior to LPS stimulation in the presence of azido-dimannose, azido-fucose, or G5-EGg-
dimannose/fucose/ or G5-EG12-OH. Cells were then incubated for a further 24 hours,
after which they were imaged by light microscopy. Their supernatants were collected for
cytokine analysis via ELISA and the cell pellets for those treated with G5s were collected
for quantification of the amount of gold internalised via inductively coupled plasma mass
spectrometry (ICP-MS).

After 2 hrs and 6 hrs, cells showed no visible signs of G5 adhesion or internalisation,
however after 24 hours, cell treated with LPS and G5-glycans in the absence of any
inhibitor appeared visually purple inside the cell boundaries (Figure 7.20A1, B1),
indicating the G5-glycans had been successfully internalised. The G5-EG12-OH showed
no signs of binding (Figure 7.20C, Figure 7.21C). Adding a DC-SIGN inhibitor appeared
to reduce internalisation of G5-dimannose and G5-fucose, as did the MMR inhibitor and
when both were added to the same cell suspension, it appeared that internalisation was
pointedly reduced based off cell pellet colour and microscopy images (Figure 7.20,
Figure 7.21)



Figure 7.20 Light microscopy images of G5 endocytosis in the absence or presence of
DC-SIGN and MMR inhibitors where the rows contain A) G5-EGe-dimannose, B) G5-
EG6-fucose, C) G5-EG+2-OH and columns contain 1) no inhibitor, 2) 10 pg/ml a-DC-
SIGN inhibitor mab161 3) 20 ug/ml a-MMR inhibitor clone 15-2 4) Both 10 ug/ml a-DC-
SIGN inhibitor mab161 and 20 pg/ml a-MMR inhibitor.
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Figure 7.21 Images of pelleted cells after the supernatant was removed after being
treated for 24 hours in the absence or presence of DC-SIGN and MMR inhibitors where
the rows contain A) G5-EGes-dimannose, B) G5-EGs-fucose, C) G5-EGi.-OH and
columns contain 1) no inhibitor, 2) 10 pyg/ml a-DC-SIGN inhibitor mab161 3) 20 yg/ml a-
MMR inhibitor clone 15-2 4) Both 10 pg/ml a-DC-SIGN inhibitor mab161 and 20 pg/ml
a-MMR inhibitor.
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To directly quantify internalisation and determine if this matched the visual colour, the
pellets were stringently washed then 2 x 10* cells were treated with aqua regia. The
solutions were then passed through an ICP-MS to determine the gold content in each
sample. The quantity of gold in each sample was then converted to number of G5 per
cell, based off the average volume and weight of a G5 particle. This was performed for
two donors in duplicate, which were not averaged due to donor variation.
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Figure 7.22 Bar chart representing number of G5-EGs-dimannose (red bars), G5-EGe-
fucose (blue bars) or G5-EG+,-OH(clear bars) internalised per MoDC when treated with
no inhibitor, a DC-SIGN inhibitor, a MMR inhibitor or both inhibitors, measured by ICP-
MS for donors A and B. Error bars represent the SDs of duplicate measurements.
When looking at the donors separately, G5-EGs-fucose (in the absence of any inhibitor)
showed greater internalisation compared to G5-EGs-dimannose, despite DC-SIGN
having a greater affinity for dimannose as observed in Chapter 4. This signifies that there
could be other endocytic receptors on MoDCs which have a greater affinity for fucose
than dimannose. Furthermore, inhibiting DC-SIGN did not totally abrogate G5-uptake
indicating either inefficient inhibition of DC-SIGN or the involvement of other lectins. The
involvement of other lectins was validated by the MMR inhibition data. Inhibition of the
MMR consistently reduced uptake more effectively than DC-SIGN inhibition for both
donors and for both dimannose and fucose coated G5. These data indicate that it is not
only DC-SIGN which binds and internalises G5-glycans, but MMR is also responsible.
Some internalisation is still observed in the presence of both inhibitors, supporting the
involvement of other lectins too. Chapter 8 focuses on developing a method to identify
other cell surface proteins which bind to and internalise GNP-glycans.

On average, the number of G5-glycan internalised per cell in the absence of an inhibitor
was approximately 1 x 107. Given that the total number of G5 particles added (150 nM,
200 uL) equates to 1.8 x 10 total, or 1.8 x 10" per cell, this represents only a small
fraction of the overall concentration that has been bound and internalised. Notably, the
control G5 showed no internalisation, even in the absence of inhibitors, indicating that
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binding and uptake were dependent on the presence of a surface glycan. These findings
raise the possibility that internalisation is not linearly dependent on Gb5-glycan
concentration. Future work could explore this and determine if uptake is G5
concentration-dependent and if internalisation plateaus at higher G5 concentration, such
as the concentrations used here (150 nM). Similar work looking at GNP uptake by HelLa
cells reported a plateauing at higher concentrations(430). This could be used to minimise
waste and any cytotoxic effects that may arise from using very high gold concentrations.

It was previously noted that the G5-glycan concentration was too low to significantly
modulate LPS induced IL-23/IL-10 production. However, here it has been identified that
only a fraction of the added G5-glycans bind to MoDCs. If it is indeed true that binding
and internalisation reaches a plateau, it may be the case that even increasing the overall
G5-glycan concentration might not guarantee sufficient binding or internalisation to
trigger measurable cytokine modulation.

While blocking DC-SIGN did effectively reduce G5-glycan internalisation, due to the
involvement of other lectins in this process, it was not able to completely inhibit cellular
uptake. This initially appears to be in contrast to work by Gringhuis et al. which showed
that when using the DC-SIGN inhibitor AZN-1, glycan induced modulatory effects were
totally abrogated.(52) However, internalisation alone does not imply involvement in
signalling cascades that lead to cytokine production and therefore the internalisation
observed here via MMR or other rectors still may not be the cause of the modulation of
TLR4 induced IL-23/IL-10 production observed in section 7.2.2. Since the G5-glycans
did not initially show any significant modulation, the effects of inhibition on cytokine
production was followed by free azido-dimannose and free azido-fucose mediated

modulation.

To determine whether reduced internalisation had an impact on cytokine modulation,
IL-23 and IL-10 levels in cell supernatants were measured by ELISA. Cytokine responses
were normalised to LPS + inhibitor controls to account for any independent effects the
inhibitors may have had on TLR4 mediated signalling. While MMR accounted for a
significant proportion of G5 internalisation, this did not directly translate to the IL-23
output which largely did not change compared to when no inhibitor was added (Figure
7.23). This strongly suggests that recognition of dimannose and fucose via the MMR
does not engage the pathways involved for co-signalling with TLR4 to regulate IL-23.
This observation is evidenced by work completed by van de Veerdonk et al., which
showed that when TLR4 was blocked, there was little impact on Candida mannan-
induced IL-17 secretion through the MMR, suggesting MMR and TLR4 do not work
synergistically to regulate the IL-23/IL-17 axis.(391) On the other hand, inhibiting DC-
SIGN with mab161 tended to attenuate IL-23 production to levels more similar to those
observed by LPS alone, implicating DC-SIGN in this signalling pathway.
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Figure 7.23 Bar graph showing IL-23 production by MoDCs when stimulated with LPS
or LPS plus either A) dimannoseN3 or B) fucoseN3 alone (no inhibitor) or in the presence
of MMR inhibitor (clone15-2), DC-SIGN inhibitor (mab161), or both. Cytokines were
measured by ELISA and normalised to LPS stimulated cells (set as 1) then presented
as a log2 function. Data are representative of 5 independent experiments * p<0.05
(Dunnett’'s multiple comparison).

Interestingly, when looking at IL-10 production, inhibiting fucose uptake through the MMR
had more of an impact than inhibiting DC-SIGN. While both MMR inhibition and DC-
SIGN inhibition reduce show reduced IL-10 production compared to when no inhibitor
was added, none of this data reached statistical significance. Dimannose induced IL-10
modulation appeared to follow no trend when inhibitors where added. In conclusion MMR
may be more involved in IL-10 production than DC-SIGN but DC-SIGN is more involved
in IL-23 production. Further repeats would be required to determine if this trend becomes

statistically significant with a higher donor number.



189

A) . B
dimannoseN3 ) fucoseN3
> 0.2- o 1.5
o)} o)
& &
£ 0.0- c 1.0
(&) (]
[«}) [}
2 -0.2- 2 0.5-
) )
[}
S .04 € 00-
o) o)
o o
= -0.6 = -0.5+
o o
:l '0-8 :’ '1-0 l ] ] l l
L N\ \) N N
“6 ,6\\0 K: Vv \b\ v\b Q‘éo
o S & P &L
Ry ROCUIRS 3 &
S T ’\,'bo i
{\\o\ . \\;é'\\' \(\‘\\0 0\ '
Y .
Q~\ \0‘\ Q_\Q \Oé \00
N S & ¢©
& S &

Figure 7.24 Bar graph showing IL-10 production by MoDCs when stimulated with LPS
or LPS plus either A) dimannoseN3 or B) fucoseN3, alone (no inhibitor) or in the
presence of MMR inhibitor (clone15-2), DC-SIGN inhibitor (mab161) or both. Cytokines
were measured by ELISA and normalised to LPS stimulated (set as 1) then presented
as a log2 function. Data are representative of 3 independent experiments. (No
significance was observed using Dunnett’s multiple comparisons test).

7.2.5 T cell proliferation

To further investigate the immunomodulatory effects of G5-glycans, a T cell proliferation
assay was performed. T cell activation is a regulated process which requires three
important signals; antigen recognition through engagement of the T cell receptor with
peptide-MHC complexes, co-stimulation through CD80/86 interaction with CTLA-4 or
CD28 and the presence of certain cytokines at the time of T cell priming. Earlier
observations in this chapter showed that both free azido-dimannose and G5-EGs-
dimmannose led to a reduction in the expression of CD80 and CD86 in MoDCs when
compared to an LPS control (Figure 7.12). Since these co-receptors are essential for
effective T cell activation, their downregulation may impair T cell proliferation.
Furthermore, LPS is known to favour Th1 and Th17 responses via induction of IL-12 and
IL-23, yet changes in cytokine production upon addition of G5-glycans and free glycans
were observed and hence addition of these in a co-culture may result in modulating the
inflammatory or tolerogenic nature of the T cell response.

For this experiment, MoDCs were stimulated for 24 hours in the presence of LPS with
either G5-glycans or free ligands. Donor matched CD4" T cells were then added and the
co-culture incubated for 5 days. The added T cells were pre-stained with a cell permeable
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fluorescent dye which tracks proliferation. When T cells divide the dye is equally split
between two daughter cells, halving the fluorescence intensity with each division.
Proliferation was therefore able to be followed by flow cytometry, as proliferating cells
show a progressive loss in fluorescence with each division. Figure 7.25 shows flow
cytometry dot plots and light microscopy images of unactivated T cells and T cell
activated with a commercial antibody cocktail for comparative controls. In the flow
cytometry plots, unactivated T cells show a single high florescence intensity population
whereas the activated cells show clear bands, decreasing in fluorescence intensity, with
each band representing a new daughter population (Figure 7.25A-B). Correspondingly,
in the light microscopy images, the unactivated T cells remain dispersed and uniform,
while the activated T cells form clusters (Figure 7.25C-D).
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Figure 7.25 (a-b) flow cytometry dot plots showing A) Unactivated T cells characterised
by a single population at high fluorescence and B) anti-CD3/anti-CD28 stimulated,
proliferating T cells where each band at decreasing fluorescence intensity represents a
new daughter population as the intracellular dye is diluted with each generation. (c-d)
Light microscopy images of C) unactivated T cells, D) anti CD3/anti-CD28 stimulated,
proliferating T cells.

On day five of the co-culture, the cells were imaged by light microscopy to visually asses
T cell clustering as an indicator of activation and proliferation. The cell pellets were then
collected and stained with a panel of antibodies to differentiate between MoDCs and T
cells in the culture, and were subsequently analysed by flow cytometry. As expected, the
MoDCs pre-stimulated with LPS induce visual T cell clustering in the light microscopy
images compared to the unstimulated MoDCs (Figure 7.26A vs Figure 7.26B). However,

when these LPS treated MoDCs were co-stimulated with free glycans (Figure 7.26 C-D)
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or Gb5-glycans (Figure 7.26E-F), there were no immediate differences in clustering
compared to the LPS control.

Figure 7.26 Light microscopy images of an MoDC + T-cell co-culture after 5 days of
stimulation with A) nothing added, B) LPS C) LPS+dimannoseN3, D) LPS+fucoseN3, E)
LPS+G5-EGs-dimannose F) LPS+G5-EGs-fucose.

Although limited differences were observed by light microscopy, using flow cytometry
there were clear changes in T cell proliferation upon addition of free glycans and G5-
glycans (Figure 7.27). T cell proliferation was quantified by comparing the proportion of
the undivided population to those that had undergone at least one division, based on
dilution of the intracellular dye. Results were then normalised to each donors’ respective
LPS control to account for donor variation, and were presented as normalised % divided.
(Figure 7.29A-B) As expected, LPS stimulation led to greater proliferation than the
unstimulated DC-T cell control (Figure 7.27A-B). Addition of dimannose consistently
showed an increase in proliferation across all 5 donors (Figure 7.29). Although this was
inconsistent with the previous observation that dimannose downregulated CD80/86
expression in MoDCs, it instead was consistent with the observation that azido-
dimannose reduced IL-10 production, a cytokine known to suppress T cell activation. In
contrast the effects of free fucose were more variable. In some donors, azido-fucose
enhanced proliferation while in others it led to a reduction. Again, this variability matched
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the IL-10 data where addition of fucose regulated IL-10 differently depending on the
donors.

Interestingly, addition of both G5-EGe-dimannose and G5-EGe-fucose appear to
suppress T cell proliferation. This trend was generally observed across 5 different
donors. A G5-OH control had little impact on T cell proliferation compared to the LPS
control (Figure B. 9) suggesting the reduction in proliferation was glycan dependent
rather than due to the gold scaffold itself. Considering this trend was opposite to the free
glycans, the G5-glycans may be involved in T cell suppression through a different
mechanism, perhaps by physically blocking DC-T cell contact through steric hindrance.

The percentage divided calculated using CytExpert was compared to a division index
calculation using a T cell modelling tool on FlowJo (Figure 7.28A-F). The Division Index
(DI) represents the average number of cell divisions undergone by the entire original
population, including undivided cells. It is calculated by averaging the number of
divisions across all cells, with non-dividing cells considered to have zero divisions.
Across both metrics (percentage divided and DI) the G5-glycans consistently led to
reduced proliferation, reinforcing the idea that the multivalent presentation of glycans on
the nanoparticle surface may influence T cell outcomes differently than free ligands.
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Figure 7.27 Flow cytometry plots of an MoDC + T-cell co-culture after 5 days of
stimulation with A) nothing, B) LPS C) LPS+dimannoseN3, D) LPS+fucoseN3, E)
LPS+G5-EGe-dimannose F) LPS+G5-EGs-fucose.
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Figure 7.28 T cell proliferation modelling plots of an MoDC + T-cell co-culture after 5
days of stimulation with A) nothing, B) LPS C) LPS+dimannoseN3, D) LPS+fucoseN3,
E) LPS+G5-EGe-dimannose F) LPS+G5-EGs-fucose. Each coloured peak in the
proliferation modelling plots represents a new division, where the area of the peak is
related to the number of cells in that division. The blue peak represents the undivided
population
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Figure 7.29 Line graphs representing (a-b) percent of T cells divided in a MoDC + T cell
co-culture after 5 day stimulating with A) LPS, alone or in combination with either free
dimannoseN3 or free fucoseN3 and B) LPS, alone or in combination with either G5-EGs-
dimannose or G5-EGe-fucose. % divided calculated by gating in Cytexpert (c-d) division
index of T cells in a MoDC + T cell co-culture, stimulated with C) LPS, alone or in
combination with either free dimannose or free fucose and D) LPS, alone or in
combination with either G5-EGe-dimannose or G5-EGs-fucose. DI calculated using the T
cell modelling function in FlowJO. All data was normalised to a donor matched LPS
stimulated cells (set to 100).

Simultaneously to collecting the cell pellets, the supernatants were collected for cytokine
analysis to assess whether T cell responses were skewed towards specific helper
lineages such as Th1, Th2, Th17 and Th9. The supernatants were analysed by a T helper
cell specific LEGENDplex™ panel. Briefly, LEGENDplex™ is a bead based
immunoassay capable of simultaneously measuring up to 13 analytes in a single small
volume sample using flow cytometry. Each cytokine is captured by a distinct bead
population which can be identified by its size/fluorescence signature, and the intensity of
the PE signal on each bead is used to quantify each specific analyte using a standard

curve.

Comparing results to those of unstimulated MoDC+T cell, LPS stimulation alone pushed
the immune response towards Th17. This was reflected by the cytokine output including
upregulation IL-22, IL-17A, IL-17F and IFN-y (levels of IFN-y after stimulation exceeded
the upper limit of detection). IL-6 production was also significantly upregulated which is
also primarily associated with a Th17 immune response. Th1 associated cytokines such
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as IL-2 and TNF-a showed some moderate upregulation but the classical Th2 cytokines
such as IL-4 and IL-5 were downregulated, and IL-13 showed little change (Figure 7.30).

Cytokine change after LPS stim

IL-22=
IL-4-
IL-17F =
IL-17A-
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IL-10-

IL-13-

-5 0 5 10 15
Log, fold change

Figure 7.30 Bar graph representing changes in cytokine production after MoDC + T cell
co-culture stimulation with LPS. Cytokines were measured by LEGENDplex™ and
normalised to a donor matched unstimulated control (set as 1) and shown as a log2 fold
change.

Following this analysis, the cytokine production from samples containing LPS plus free
glycans or G5-glycans were normalised to their respective LPS controls to observe
whether addition of these free glycans or G5-glycans influenced the T cell response
further towards or away from this Th17 response. Addition of azido-dimannose largely
skewed the response away from Th17, evidenced by the downregulation IL-6, IL-17A/F,
and IL-22 (Figure 7.31A-D). Although IFN-y was also decreased (based on reduced MFI)
it remained above the quantifiable limit of detection. Azido-dimannose induced significant
upregulation of the Th2 cytokines such as IL-5 and IL-13, along with 4 out of 5 donors
showing elevated IL-9 levels (Figure 7.32A-C), a cytokine which supports Th2
responses. IL-4 levels also trended upwards (increased MFI) but was unquantifiable as
it remained below the lower concentration limit. After averaging responses from 5 donors,
the Th1 cytokine TNF-a, and IL-2 remained largely unaffected by dimannose (Figure
7.32D-E). Matching earlier observations and predictions as to why proliferation may have
increased, azido-dimannose continued to downregulate IL-10 (Figure 7.31E). Azido-
dimannose skewing the T cell response away from LPS induced Th17 is closely aligned
with its ability to downregulate LPS induced IL-23 production in MoDCs (Figure 7.10), a
cytokine essential for propagating and maintaining Th17 responses.
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On the other hand, azido-fucose appeared to enhance the LPS induced Th17, despite
its variable impact on T cell proliferation. IL-17A/F, IL-22 and IL-6 were all elevated in
most donors (Figure 7.31A-D). This aligned with earlier observations that fucose
upregulated IL-23 in MoDCs when co-stimulated with LPS. Interestingly, the G5-glycans
had little impact on any cytokine production despite appearing to reduce proliferation,
however they were also mostly unable to significantly induce any modulation in cytokine
production by MoDCs in response to LPS (Figure 7.10) and so it is largely unsurprising
that they show no impact on T cell responses either.
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Figure 7.31 Bar graphs representing cytokine production by a MoDC + T cell co-culture
after stimulation with LPS alone or with either dimannoseN3, fucoseN3, G5-EGs-
dimannose, G5-EGs-fucose or G5-EGi2-OH. Production was normalised to LPS
stimulated cells (set as 1) and presented as a log2 fold change for production of A) IL-
17A, B) IL-17B, C) IL-22 D) IL-6, E) IL-10. Data representative of 2-5 separate
experiments. ** p<0.01 (Dunnett’s multiple comparisons test).
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Figure 7.32 Bar graphs representing cytokine production by a MoDC + T cell co-culture
after stimulation with LPS alone or with either dimannoseN3, fucoseN3, G5-EGs-
dimannose, G5-EGs-fucose or G5-EGi2-OH. Production was normalised to LPS
stimulated cells (set as 1) and presented as a log2 fold change for production of A) IL-5,
B) IL-9, C) IL-12, D) IL-2, E) TNF-a. Data representative of 2-5 separate experiments. *
p<0.05 (Dunnett’s multiple comparisons test).

7.3 Conclusions and future work

7.3.1 Conclusions

In summary, this chapter has begun to explore the downstream immunological impact of
G5-EGn-glycans, specifically focussing on their role in modulating IL-23 and IL-10. A
monocyte derived DCs model was established as a suitable and practical model for
investigating DC-SIGN driven IL-23 modulation, overcoming the challenges of isolating
and purifying primary DCs from peripheral blood. MoDCs were reliably differentiated from
monocytes, evidenced by a reduction in CD14 and a substantial increase in DC-SIGN
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expression. Phenotyping confirmed these MoDCs as being similar to the peripheral blood
cDC2 subset, which are known to drive Th17 polarisation and produce key inflammatory
cytokines like IL-23, making them highly relevant for the objectives of this chapter.

LPS was used to induce MoDC maturation, leading to an increase in both CD80 and
CD86 expression, and the production of both IL-23 and IL-10. When co-stimulated with
LPS and G5-EGy-glycans, limited modulation of IL-23 and IL-10 was observed compared
to an LPS and G5-OH control. This lack of significant modulation was hypothesized to
be due either to the shape and size of the glycoconjugate, where small mannose/fucose
dendrons have also previously failed to regulate cytokine production, or due to
insufficient concentration, as free ligands at estimated matched concentrations also
failed to induce significant cytokine modulation.(164) However, free ligands at much
higher concentration (50 mM) did yield significant modulatory effects. While this data was
agreeing to certain literature suggesting DC-SIGN engagement with either ManLAM, or
mannose glycopolymers can inhibit dectin-1 induced IL-23 or LPS induced IL12p70,
respectively, it is contrasting to other relevant studies employing DC-SIGN/TLR4 co-
signalling pathways.(52, 92, 161, 394) This discrepancy has so far been attributed to the
presence of an azide handle on the free ligands used in these experiments, as free
mannose without an azide handle showed upregulation of IL-23, consistent with previous
reports of mannose induced upregulation of the IL-23 subunit; IL-12p40.(52) In line with
suppression IL-23 and IL-10, addition of G5-EGs-dimannose or free dimannose showed
a tendency to reduce CD80 and CD86 expression.

The modulation of other TLR signalling pathways via DC-SIGN was briefly investigated.
Co-stimulation with Heat Killed Salmonella typhimurium (HKST) (a TLR4 and TLR2
agonist) showed some downregulation of IL-23 by G5-EG;-dimannose and G5-EG»-
fucose, suggesting that higher binding affinity G5-glycans could exert some regulatory
effect. Notably, all conditions with HKST led to downregulation of IL-10, with G5-glycans
showing a linker-dependent effects, reinforcing the role of DC-SIGN and binding affinity
in TLR2 signalling and potentially promoting a more inflammatory environment.

PAM2CSK4 (TLR2/6 agonist) and PAM3CSK4 (TLR1/2 agonist) poorly induced IL-23
and IL-10 on their own, and co-stimulation with G5-glycans and free ligands showed
mostly insignificant modulatory effects. However, for PAM2CSK4 stimulation, G5-
glycans generally downregulated IL-10 in a linker-dependent manner similar to HKST,
further supporting the influence of DC-SIGN and binding affinity on TLR2 signalling. The
overall data from other TLR co-stimulations were complex and at times contradictory,
indicating the need for further detailed investigations into the specific signalling

complexes involved.

Antibody blocking experiments with anti-DC-SIGN (mab161) and anti-MMR (clone15-2)
provided further insights into internalisation and signalling. This revealed that inhibition
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of the macrophage mannose receptor consistently reduced G5-glycan uptake more
effectively than DC-SIGN for both dimannose and fucose coated G5s. This strongly
indicated that other lectins, particularly MMR, are also significantly responsible for G5-
glycan internalisation, not solely DC-SIGN, and that some internalisation persists even
when both are inhibited, suggesting the involvement of additional lectins. Despite MMR
accounting for a significant proportion of G5 internalisation, this did not directly translate
to changes in IL-23 output, suggesting that MMR recognition does not co-signal with
TLR4 for IL-23 regulation. Conversely, inhibiting DC-SIGN tended to attenuate IL-23
production, thereby implicating DC-SIGN in this specific signalling pathway for IL-23
regulation.

Finally, the effects of glycan’s on downstream T cell proliferation and cytokine production
was explored. LPS stimulation alone effectively increased T cell proliferation and skewed
the immune response towards a Th17 profile, characterised by upregulation of IL-22, IL-
17A, IL-17F, IFN-y, and IL-6. Free azido-dimannose consistently further increased T cell
proliferation compared to LPS alone, which, although seemingly inconsistent with its
observed downregulation of CD80/86 on MoDCs, aligned with its concurrent reduction
of the T cell suppressor cytokine IL-10. Furthermore, dimannose largely skewed the
response away from Th17 and towards a Th2 phenotype, evidenced by downregulation
of Th17-associated cytokines and upregulation of IL-5, IL-13, and IL-9. Free azido-fucose
had more variable effects on T cell proliferation across donors, aligning with its variable
impact on IL-10. It appeared to enhance the LPS-induced Th17 response, consistent
with its observed upregulation of IL-23 in MoDCs.

In contrast, G5-glycans (both dimannose and fucose) appeared to suppress T cell
proliferation, a trend opposite to that observed with free glycans, suggesting a potentially
different mechanism of T cell modulation, possibly due to steric hindrance. However, the
G5-glycans had minimal impact on T cell cytokine production, which was unsurprising
given their limited modulation of MoDC cytokine production.

Overall, this chapter has provided foundational insights into the complex immunological
impacts of glycans on IL-23 driven inflammation, highlighting that their effects depend
significantly on the glycan type, their presentation (free vs multivalent), and the specific
co-stimulation conditions.

7.3.2 Future work

Future work for this chapter should focus on resolving contradictions within the data and
explore reasonings behind deviations from the literature. A key idea would be to
investigate raf-1 phosphorylation upon addition of azido-dimannose and azido-fucose.
The literature suggests recognition of mannose-containing glycans by DC-SIGN leads to
phosphorylation of raf-1, which is linked to the production of pro-inflammatory cytokines,
while fucose-containing glycans do not.(92) However, in this thesis when using azido
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glycans, the opposite was observed upon co-stimulation with LPS. It would be interesting
to see if this is a result of raf-1 phosphorylation or if the azido tag recruits different
signalling complexes than those reported in the literature. Initial experiments using flow
cytometry to observe raf-1 phosphorylation in an LPS stimulated THP-1 cell line were
started. Unfortunately, due to high background fluorescence, sensitivity to dye
concentration and poor separation of positive and negative controls, flow cytometry was
deemed unsuitable for this purpose. An alternative method for observing raf-1
phosphorylation is a western blot, although it requires larger quantities of protein, difficult
to obtain from the number of MoDCs used in this study.

Other considerations include exploration of DC-SIGN clustering, and concentration
dependent gold nanoparticle uptake. When comparing the effects of multivalent glycans
to their free ligand counterparts, some discrepancies in cytokine production were
observed (especially in the case of PAM2CSK4 mediated IL-10), and big differences on
the effects of multivalent vs free ligands on T cell proliferation were also seen. Given that
clustering of DC-SIGN into microdomains is important for viral uptake, it could be true
that clustering is facilitated by multivalent G5s, which in turn affects the signalling
pathways. Clustering could be observed by fluorescence microscopy, or through FRET
based assay where neighbouring DC-SIGNs are labelled in FRET pairs to detect
clustering.(176, 184) It would also be valuable to explore whether G5 uptake is
concentration dependent and if internalisation plateaus at higher concentrations. This
could help minimise waste and potential cytotoxicity, while also informing whether
increasing the overall G5-glycan concentration would lead to sufficient binding and
internalisation to trigger measurable cytokine modulation.

Although a MoDC model provides a suitable system for dissecting DC-SIGN driven IL-23
production and Th17 responses by closely resembling the cDC2-type subset, they do
not fully represent the full in vivo heterogeneity of human DCs. Therefore, investigating
how DC-SIGN modulators affect cytokine responses in isolated conventional DCs (cDC)
subsets, particularly cDC1s, ¢cDC2s, DC2s, and DC3s, would provide a more
comprehensive understanding of DC-SIGN's role across the full spectrum of human
DCs. Using the methodology explained by Heger et al., DC subsets can be isolated using
a refined staining protocol and a high throughput cell sorter.(422)

Finally, it would be useful to identify other glycan-binding receptors on the MoDC surface.
This would provide a more complete picture of glycan recognition and its impact on
immune responses, especially given that some internalisation was still observed even
when both DC-SIGN and MMR were inhibited. Chapter 8 explores the use of an affinity
pull down assay to identify such proteins. These suggested areas aim to resolve existing
contradictions and provide a deeper mechanistic understanding of how glycan type and
linker length precisely modulate DC-SIGN's influence on immune responses.
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Chapter 8 — Using glycan-decorated gold nanoparticles to

selectively enrich DC-SIGN
8.1 Introduction

8.1.1 GNP based pull down

So far, this thesis has established that the GNP-NSET readout is a valuable approach
for investigating DC-SIGN-mediated binding with multivalent glycans, providing both
affinity measurements, and the thermodynamic parameters associated with these
binding events. This has been especially useful in elucidating the interaction between
small glycosylated gold nanoparticles (G5-glycans) and the fluorescently labelled protein
of interest. Furthermore, the ability of G5-glycans to modulate cytokine production and T
cell proliferation in cellular assays has been studied. However, the lectin binding profiles
of the G5-glycans have been shown to extend further than just their DC-SIGN target,
indicating the need to develop a method for identifying such proteins from the cell surface
to further elucidate mechanisms of cytokine production. In order to do so, a larger gold
nanoparticle scaffold size is required as much less time and lower centrifugation speeds
are required for their agglomeration out of solution, making them well suited to an affinity
‘pull down’ assay to isolate cell surface bound proteins. This chapter details how 27 nm
gold nanoparticles (G27-glycans) can be designed and utilised for this process, which
first requires optimisation to ensure strong binding affinity and glycan specificity.

Using a setup similar to the fluorescence quenching assay described in Section 4.2.1,
the binding affinity of a fluorescently labelled protein can be measured by pelleting the
lectin-GNP complex via centrifugation. The reduction in fluorescence of the remaining
supernatant reflects the amount of unbound proteins, so the bound protein amount can
be estimated from the difference between that added and that remaining in the
supernatant. A greater proportion of bound protein results in a greater reduction of
fluorescence emission in the supernatant. It is also possible to measure the fluorescence
recovery in the presence of an inhibitor and using the Cheng-Prusoff equation to
calculate the Ky (Figure 8.1). This method has been utilized by the Yan group to quantify
the binding of mannose coated gold nanoparticles of varying sizes and linker lengths
with the plant lectin Concanavalin A (ConA) (fluorescently labelled).(152) Increasing
concentrations of competing free mannose were added to the reaction mix and after
incubation and centrifugation to remove the GNP-ConA complex, the supernatant was
measured for its fluorescence intensity. By repeating this over varying lectin and
mannose concentrations, a value for Ky was obtained. This study revealed that binding
was less favourable at larger GNP sizes (Ky = 25 nM for 30 nm GNP but 3 nM for 7 nm
GNP). It was concluded that smaller nanoparticles yielded the highest affinity
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enhancement, likely due to their large surface-to-volume ratio and higher mobility in
solution enabling more efficient binding. Additionally, enhanced binding affinity was
observed with increasing linker length, which was attributed to the spacer elevating the
terminal glycan further from the GNP surface therefore resulting in larger inter-glycan
distances and reduced hindrance upon binding.
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Figure 8.1 Schematic depicting how the Cheng-Prusoff equation can be used to
calculate the binding affinity between GNP-Man and ConA, where ICso = concentration
of ligand displaying 50% of specific binding; [M] = concentration of free ligand, K41 =
dissociation constant of the free ligand with ConA; and K2 = dissociation constant of
GNPs with ConA. Figure adapted from reference(152)

The GNP-based pull down method is not restricted to fluorescently labelled proteins. The
Sakurai group measured the binding affinity of 14 nm gold particles coated in lactose to
various lectins by initially isolating the protein-probe complex by centrifugation, then
releasing the bound protein from the pellet by denaturation in Laemmli buffer containing
10% B-mercaptoethanol, and measuring the amount of protein released by fluorescent
SDS page.(431-433) By repeating this over a concentration range and comparing it to
the total amount of protein used, binding curves were constructed to extract the Kqy. Using
this method, a value for the Ky of GNP-lactose to three lactose binding proteins were
calculated to be 26 nM, 8.7 nM, and 18 nM for peanut Agglutinin (PNA), Erythrina
cristagalli agglutinin (ECA) and RCA, respectively.(431) Thus the GNP-lactose achieved
large affinity enhancements of between 2,000 and 37,000-fold when compared to
monomeric lactose (Kq = 400 uM, 323 uM, and 37 uM for PNA, ECA and RCA).

These studies have demonstrated the usefulness of larger GNP scaffolds in determining
the Ky for protein carbohydrate interactions, and have highlighted their potential in GNP-
based affinity labelling for protein engagement and identification in more complex
systems.

8.1.2 Affinity labelling

Often in modern chemical biology and drug discovery, cell- or organism-based assays
are frequently employed as they benefit from preserving the cellular context of protein
function. In such approaches, knowledge of the target or mechanism of a small molecule
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only emerges after its medicinal or functional properties have been observed.(434, 435)
It is however of great importance to determine the precise biological targets of small
molecules, and any off target binding that may occur, for a comprehensive understanding
of their cellular interactome and to better predict their utility, mechanisms, or reduce toxic
side effects.(436) Many of the binding events occurring within the cellular interactome
are protein carbohydrate interactions (PCIs) which have been a central focus of this
thesis so far due to their key role in mediating cellular recognition and signalling. Studying
these interactions in solution-based assays where the protein identity and concentration
is known is simple, however, studying PCls in a biological context is challenging due to
their dynamic and transient nature, as well as the presence of numerous other interacting
partners.(437) Isolating protein-carbohydrate complexes from a cellular environment is
therefore a challenging problem, but biochemical affinity purification offers a direct
method for identifying target proteins that bind small molecules of interest.(434, 438)

Small molecule protein-reactive chemical probes have emerged as an essential tool in
assisting target capture and identification. Using this technique, protein-reactive groups
are derivatized onto a small molecule of interest enabling them to covalently crosslink
otherwise reversible protein—ligand complexes to aid in isolation, identification and
further functional analysis.(436) Since many molecules other than the protein of interest
exist in a cellular environment, selective labelling of the desired protein is critical in order
to distinguish the protein of interest from other non-target proteins for precise
analysis.(439) Since there might be no prior knowledge on the structural features of
target proteins, or indeed those in the surrounding environment, introducing selectivity is
a significant challenge when designing a suitable cross-linker. It must have an
appropriate protein-reactive group which reacts with the target protein with high
efficiency while having no or low reactivity towards non-target proteins.(440) To make
the affinity probes as selective as possible, they are designed with three important

functionalities in mind:

1. The affinity ligand — the small molecule or carbohydrate which reversibly binds the
protein(s) of interest. This ideally binds no off-targets proteins (but in some cases may
be used to identify side-effect-causing off target proteins).

2. The reactive affinity label which covalently/irreversibly binds to the target protein. It
may be reactive towards other proteins or have broad substrate scope, however
proximity enhanced reactivity induced by the affinity ligand is advantageous here.

3. The identification/reporter tag which allows isolation of the probe-protein adduct. This
can be added later through bioconjugation methods such as click chemistry.

The main challenge is designing a suitable protein reactive affinity label. For this, two
maijor types of functionalities exist; photoreactive groups which require UV activation to
form a covalent linkage, or electrophilic groups which react spontaneously. Appropriate
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photoreactive groups include arylazides, diazirines and benzophenones which non-
selectively react with any proximal amino acid resides upon UV irradiation, however,
these suffer from low labelling yields, making identification of labelled protein/peptides
by LC-MS/MS difficult. In cases where specific amino acid selectivity is required, photo
reactive probes are also unsuitable due to their non-selectivity. This non-selectivity can
lead to a complex mixture of cross-linked products which make it difficult to identify
specific target interactions using techniques like mass spectrometry.(441, 442)

The low labelling efficiency of photoreactive groups can be addressed by employing
electrophilic groups instead. Electrophilic group functionalities include benzyl chlorides,
squaramide esters, arylsulfonyl fluorides, and acrylamides which react with locally
reactive surface exposed nucleophilic amino acid residues.(443) These electrophiles
have been used in a variety of situations where protein labelling is required, such as
affinity labelling,(444) activity-based protein profiling,(445) reactivity-based protein
profiling, ligand-directed chemistries,(446) and covalent drug development.(447) Unlike
photoreactive groups, they balance reactivity and chemoselectivity, allowing them to
selectively target nucleophilic amino acid side chains in proteins, making them valuable
tools for designing protein-reactive probes.

As evidenced by Hamachi and co-workers, it is indeed possible to label surface exposed
nucleophilic residues at the periphery of the ligand binding site, facilitated through the
proximity effect which relies on ligand recognition initially to then promote efficient
labelling.(439) Despite these advancements, electrophile-based crosslinking of proteins
has been limited to cases where a nucleophilic amino acid at the target protein’s binding
site is known or predictable.(448, 449) This limitation arises from the variability of the
local microenvironment. In some cases, the inherent reactivity of electrophiles with free
nucleophiles may lead to non-specific binding with accessible residues, or alternatively
reactivity may be restricted by buried residues.(450) As a result, the broader applicability
of electrophiles for covalently capturing unknown target proteins without prior structural

knowledge remains unexplored.

Once both the affinity unit and the affinity label have been identified there are a number
of techniques which can be utilised to isolate the protein-probe complex.

1. plant and cast

One method of chemical cross-linking is known as a ‘plant and cast’, where small
molecule cross linkers with two functional ends are used to covalently link a pre-bound
protein-carbohydrate complex.(451) One end of the small molecule contains a highly
reactive succinimide ester, which reacts with protein lysine residues to ‘plant’ the cross
linker, and the other end contains a less reactive functional group (such as a sulfonyl
fluoride, SF) which is ‘cast’ to react with nearby functional groups on the carbohydrate,
only if bound to the protein of interest. This functional group is less reactive to avoid large
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scale non-specific binding, but is driven to react by proximity-enhanced reactivity when
in vicinity of the protein-bound carbohydrate.(452) If the carbohydrate has been
premodified with an azide, then a biotin tag can be introduced through Huisgen-
Sharpless-Meldal click chemistry, and confirmation of the chemical cross-link is therefore
possible by a western blot against a streptavidin-HRP antibody under denatured
conditions, as this eliminates the PCI and only shows a protein if the cross link is present.
The biotin tag may also be used to immobilise the PCI onto a streptavidin coated solid
support to aid in isolation. Using this technique, Wang et al. were able to successfully
cross link a sialic acid-binding immunoglobulin-like lectin 7 (siglec7) domain to an azide
functionalised ganglioside sugar (Scheme 8.1).(437) Furthermore, using an SF-
incorporated siglec7 mutant, they were able to crosslink a sialoglycan on a mammalian
cell surface, a function which they reasoned could later be used to enhance NK cell killing
of tumour cells by blocking the interaction of the tumour cell surface sialoglycan with
Siglec-7 on NK cells.

0 0 FO o o
NH, NH,  NaOsS 'S R
| | Tivo \OaX ”@ =z ”@
+ l — o s”o [ S ts,/o — » WwB
. u [ R o (o)
biotin
N3 N3 N A o
N-

N

Scheme 8.1 Schematic depicting the plant and cast method of affinity labelling, where a
bifunctional ligand is added to a protein-ligand complex to covalently link them together.
If the ligand contains an azide tag, a biotinylated alkyne can be used to isolate these
protein targets from complex proteome mixtures. Figure modified from reference (435).

2. Ligand directed chemistry.

A second technique for isolating proteins of interest involves protein reactive affinity tags
that are pre-conjugated to the small molecule or ligand.(439) In ligand directed chemistry,
it is important that the addition of the affinity tag does not significantly change the
reactivity or rate of reaction of the small molecule, as this may interfere with identifying
the target protein.(453) This method has also been used for studying protein
carbohydrate interactions, and is more akin to an immunoprecipitation. While
immunoprecipitation relies solely on surface immobilised-antibody to protein interactions
which are extremely strong (Ks down to 107?), the transient and reversible nature of
PCls, which are generally low affinity for a single protein—carbohydrate interactions
(K¢ most often in the millimolar to micromolar range), means a more tangible link is
required before isolation.(454) In this case it is possible to immobilise the protein reactive
group onto a solid support alongside the carbohydrate, to take advantage of strong
MLGls, and to induce proximity enhanced labelling of the protein after binding to the
neighbouring carbohydrate. The Sakurai group, who efficiently pulled down lectins in
solution using lactose immobilised on a GNP-surface to investigate binding affinity,
applied this technique to covalently cross-link PNA and RCA to the GNP surface
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(Scheme 8.2).(431) Attaching the ligand and affinity tag to the gold nanoparticle scaffold
promotes high local concentrations of both groups, and allows reactions to occur over a
large surface area. As a consequence, these probes exert enhanced protein binding
affinity and ligand-dependent reactivity.

In this manner, a number of electrophilic and photoreactive probes were immobilised
onto a GNP surface in a 2:1 carbohydrate to probe ratio and their reactivity towards PNA,
RCA and ECA were assessed. A sulfonyl fluoride probe was discovered to exhibit the
greatest labelling yield (quantitative after 16 hrs), and showed good selectivity for PNA
in a complex cell lysate mixture.(431-433, 455) Interestingly, despite being used as the
carbohydrate reactive group by Wang et al. in the plant and cast method, here a sulfonyl
fluoride affinity label did not show any cross-reactivity with the carbohydrate ligand, a
polyol moiety, despite the proximity. It is noted that if the carbohydrate ligand were
swapped for one containing phenols or amines then the use of photoaffinity labels over
electrophiles would be more beneficial as to avoid cross reactivity and deactivation of
the probes before use.
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Scheme 8.2 Schematic depicting the GNP based pull down method of isolating proteins
for identification by SDS-page and LC-MS/MS, where R is an electrophilic group and X
is a nucleophilic amino acid residue.

Once targets have been cross-linked and isolated, mass spectrometric techniques allow
for the identification of such targets immediately after release from the affinity supports,
most commonly using liquid chromatography tandem mass spectrometry(LC-
MS/MS).(456) If multiple targets are isolated, spectrometric analysis may be simplified
by separation of the proteins by gel electrophoresis before analysis. However, recent
developments in more advanced MS techniques such a modern shotgun proteomics
approaches enable complex proteome profiling of thousands of proteins in a single
experiment without the need for pre separation.(457)

In this chapter, the capability of a GNP-based pull-down method for identifying GNP-
glycan bound proteins was assessed. Dimannose and fucose were functionalised
alongside a sulfonyl fluoride (SF) affinity tag on a 27 nm gold nanoparticle (G27), and
their affinity for DC-SIGN in solution was measured. Furthermore, their ability to
covalently bind DC-SIGN, both alone and in competition with BSA was evaluated, which
found that both G27-fucose/SF and G27-dimannose/SF were able to covalently bind DC-
SIGN in high yield, but only G27-dimannose/SF were also able to selectively discriminate
between DC-SIGN and BSA in protein mixture. While the binding affinities of G27-
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dimannose/SF and G27-fucose/SF probes were similar, the difference in selectivity was
potentially due to distinct glycan mediated SF-DC-SIGN binding sites. In order to assess
this, the protein-probe complexes were digested and the labelled peptide fragments were
analysed by liquid chromatography tandem mass spectrometry.

This methodology was developed to isolate and identify cell surface lectins, besides DC-
SIGN, that bind to GNP-dimannose/fucose particles, with the aim of advancing our
knowledge of glycan-mediated DC immune function modulation. Deeper insights into
these cellular mechanisms using this methodology will enable a more comprehensive
understanding of the processes involved in IL-23 regulation and fungal immunity. The
successful enrichment and identification of DC-SIGN via LC-MS/MS in this chapter
validated the possibility of using this approach for this application. Furthermore, this
method holds potential for identifying entire signalosome complexes, enabling further
investigation into the distinct signalling pathways mediated by GNP-dimannose and/or
fucose binding.

8.2 Results and discussion

8.2.1 Design rational

To explore the potential of gold nanoparticle based affinity labelling for the identification
of GNP-glycan binding proteins on the cell surface, the same dimannose and fucose
ligands used in the DC-SIGN binding and immune modulation exploration were
employed. Using these ligands ensures specific targeting of dimannose and fucose
binding lectins. For the affinity label, an aryl sulfonyl fluoride (SF) was chosen. Sulfonyl
fluorides are electrophilic warheads which possess a good balance between
biocompatibility, including aqueous stability, and protein reactivity. They take part in
sulfur fluoride exchange reactions with several nucleophilic amino acid residues,
including lysine, tyrosine, cysteine, serine and threonine, to covalently bind
proteins.(458)

Several other factors were considered in the design of the nanoparticle probes, such the
size of the gold nanoparticle, the lengths of the linkers used to attach the SF and glycans
to the gold surface, and the ratio of glycan to SF. In order to utilise a pull-down method
using gold nanoparticles, a larger size was needed than the previously used G5 — one
that would pellet easily upon centrifugation. Therefore, 27 nm gold nanoparticles (G27)
were chosen as they possess a good balance between aqueous colloidal stability and
sedimentation rate (6000 x g for 15 mins). The linker lengths were chosen carefully as
well. Chapter 4 discussed the effect of linker length in detail and although it was revealed
that the shorter ethylene glycol linkers (EG.) afford greater affinity enhancements for G5-
glycans than longer linkers (EGs/EG12) due to entropic considerations, G27 require
longer EG, chains to afford colloidal stability and resist aggregation. The glycan ligands
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were therefore joined to the G27 surface with EGe- linkers. To avoid hindering the SF
functionality in between glycans which would limit its binding capabilities, a longer EGaj
linker was selected so that the SF would protrude further out of the glycan surface to
promote efficient, unhindered labelling.

Finally the ratio of glycan:SF was considered. Since the model protein binding ligands
used here (dimannose and fucose) are hydrophilic, they were expected to confer
colloidal stability to the G27 nanoparticles as long as the relative ratio of the electrophilic
sulfonyl fluoride, which is hydrophobic, was kept relatively low. It was also desirable to
change the ratios of glycan:SF on the surface to determine if labelling yield was
dependent on the proportion of SF, and whether this would be at the cost of protein
selectivity. Similar studies in this area have used a 2:1 ratio of ligand to SF on a G14
particle,(431) however this ratio was found to be too high to afford colloidal stability of
larger G27 particles and so a reduced amount of SF was chosen. Here three glycan: SF
ratios containing successively lower quantities of SF (5:1, 10:1 and 20:1 of glycan:SF)
were selected. These would still provide a high local concentration of both the ligand and
the sulfonyl fluoride without compromising the colloidal stability of the nanoparticles, and
should promote selective binding as well as efficient labelling.

8.2.2 G27-glycan:SF synthesis

LA-EGe-fucose (10b) and LA-EGe-dimannose (11b) and control LA-EGe-OH (12) were
prepared and characterised as discussed in Chapter 2, and LA-EG11-sulfonyl fluoride 17
was synthesised as following. The amine 15 was prepared previously in-house by amide
coupling of lipoic acid (7) with PEG linker (13), to give 14 in 65% yield. 14 Was subjected
by a Staudinger reduction to transform the terminal azide to an amine functionality.(119,
459) Amine 15 showed a distinct lack of solubility in CHCIs, potentially due to the
formation of intramolecular disulfide bonds creating a polymer network. Stirring in DMF
in the presence of triethylamine alleviated some solubility issues, and after addition of
commercial acid chloride 16 for 3 days, the desired LA-EG1s-aryl sulfonyl fluoride 17 was
isolated. While the yield for this was low, at 38% after purification, only very small
quantities (<1 mg) were needed for high volumes of G27-glycan:SF to be produced and
therefore even at this yield, sufficient product was isolated. Fluorine NMR was used to
confirm the presence of the sulfonyl fluoride (Figure B. 10)
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Scheme 8.3 Synthetic route to sulfonyl fluoride affinity tag 17.
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Citrate coated G27 were prepared as described in Chapter 2. Directly stirring LA-EGs-
glycan and LA-EG1+-SF ligands with G27-citrate resulted in immediate aggregation,
indicated by a colour change from red to purple followed by sedimentation of the GNPs
(Figure 8.2). However, when wusing an intermediate bis (p-sulfonatophenyl)
phenylphosphine dipotassium (BSPP) coating which affords electrostatic stabilisation
due to the negative charge, G27-glycan:SF were successfully synthesised in all the
desired ratios. A summary of all the probes made can be seen in Scheme 8.4.

A
e
(
Figure 8.2 A) G27-citrate, B) G27-citrate immediately after addition of a 5:1 LA-EGe-

dimannose:LA-EG141-SF mixture C) G27-citrate 48 hours after addition of a 5:1 LA-EGe-
dimannose:LA-EG11-SF mixture.




211

xr
Y TR ey — = gﬂf &z éﬂf 2
Gl P O, 4
i’f A r §

HO %
Hog%j% G27-fuc G27-diman

wm“ﬁww @ N Qﬂfy §% ?ﬂf' &
11b <A

H,0, RT, 2 days E
, , 4 %
o]
A AR =
055 1" L =\ @ ‘W
F
17 G27-fuc:SF ) G27-diman:SF ( 5:1)

© ( 51
[ — G27-fuc:SF (10:1) G27-diman:SF (10:1)
G27-fuc:SF (20:1) G27-diman:SF (20:1)

Ty iy

p (o}
o
2 s %%‘ .*”"m
> ',
L N
G27-OH G27-OH:SF (5:1)

Scheme 8.4 Schematic depicting the cap exchange of G27-BSPP into into G27-glycans,
G27-glycan:SF(affinity probes) or G27-OH/SF (controls). When making the affinity
probes, three ratios of glycan:SF were chosen (5:1, 10:1 and 20:1) to determine if the
percentage of SF on the surface would have an impact on both affinity and selectivity.

8.2.3 Probing the binding mode of G27-glycan:SF with DC-SIGN

To consolidate successful coverage of G27 in the ligands of choice, and to determine if
the presence of an affinity tag impacts the binding mode (monolayer binding vs cross
linking) a hydrodynamic size analysis was carried out by dynamic light scattering (DLS).
The hydrodynamic diameters of G27’s were measured by DLS in the absence and then
presence of DC-SIGN in a 25:1 protein:gold ratio (PGR). The resulting volume population
distributions were plotted as histograms and fitted with Gaussian functions to extract the
average Dn. A summary of the average hydrodynamic diameters can be seen in Table
8.1 and the histograms in Appendix B (Figure B. 11-14).

Firstly to consider is that the addition of the SF tag increases the average Dy of G27s
compared to those without, although it is noted that the errors overlap substantially. The
increase in mean size is due to the longer EGy1 linker of the SF ligand compared to the
EGe-EG2 used for the dimannose/fucose ligands. In the presence of DC-SIGN the control
G27-OH and G27-OH:SF(5:1) showed no increase in Dy size, indicating no binding was
occurring, but the G27-dimanose:SF particles showed small assemblies with average Dy,
values of around 85 nm, which is consistent with a single G27 coated in a monolayer of
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DC-SIGN. Interestingly, the G27-fucose:SF showed larger structures of ~ 150 nm in Dx
when in the presence of DC-SIGN. This is too large to be a single G27 coated in a
monolayer of DC-SIGN, and therefore represents the occurrence of cross-linked
species. The G27-fucose-DC-SIGN complex in the absence of the SF affinity tag remains
a monolayer sized species signifying the cross-linking observed for the G27-fucose:SF
particles is dependent on the presence of the sulfonyl fluoride tags. It is possible that the
bulkier dimannose structure is able to block cross-linking interactions, or that the
orientation of DC-SIGN when bound to dimannose is different to that bound to fucose,
which again may hinder the formation of cross-links.

Table 8.1 Summary of the hydrodynamic diamters (Dy) of G27 particles before and
after binding with DC-SIGN (PGR 25). Dy values are given as xc £ 2 FWHM.

Particle D R? Dy, with DC-SIGN R?
G27-citrate 31.4+76 0.967 | - -
G27-BSPP 316+7.9 0.964 | -
G27-dimannose 35.4 +6.9 0.967 | 64.4 £13.6 0.963
G27-dimannose:SF (5:1) | 38.5+9.3 0.960 | 81.1 £+20.5 0.929
G27-dimannose:SF (10:1) | 38.0 + 9.4 0.969 | 84.6 +22.5 0.924
G27-dimannose:SF (20:1) | 39.1 £9.9 0.966 | 84.5+21.4 0.933
G27-fucose 34.9 + 6.1 0.985 | 66.3 + 13.4 0.980
G27-fucose:SF (5:1) 35.1+8.9 0.957 | 150.9 + 46.5 0.982
G27-fucose:SF (10:1) 37.1+9.3 0.960 | 153.1 £45.0 0.983
G27-fucose:SF (20:1) 37.6+9.5 0.962 | 155.6 + 54.8 0.965
G27-OH 38.9+10.7 0.967 | 37.9+ 9.4 0.979
G27-0OH (5:1) 35.0 9.2 0.951 | 36.5+9.5 0.941

8.2.4 Measuring Kq of G27-glycan:SF with DC-SIGN-atto643 using a

pull-down assay.

Previous results discussed in Chapter 4 verified that the presence of multivalent ligands
on a G5 scaffold increased binding affinity with an enhancement factor, 3, of up to
475,000 over monovalent binding. These results were obtained in a fluorescence
quenching assay, however since G27 nanoparticles have a much greater absorption
extinction coefficient (2.39 x 10° M cm™) than G5 (1.1 x 10’ M cm™), their use in FRET
or NSET assays in limited to very low concentrations (~0.5 nM) as not to introduce a
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significant inner filter effect. Instead, in order to extract a binding affinity with a fixed
GNP:protein ratio over a varying concentration range, a pull down assay can be
employed where the GNP-protein complex is pelleted out of solution. Since
centrifugation pellets all GNPs (unbound or protein-bound), the supernatant containing
unbound protein can be collected for fluorescence intensity measurement without any
interference from GNP’s inner filter effect. Comparing the fluorescence of the
supernatant to a protein control is then used calculate the % bound, which if repeated
over a concentration range can be used to calculate the binding affinity. This also
removes any further complication based on Foérster radius dependent quenching and can
be used to directly calculate the % of protein bound the gold scaffold. The 27 nm GNPs
used here are dense enough that they can be pelleted out of solution at achievable
centrifugation speeds in relatively short periods of time (~6000 x g, 15 minutes). Since
these probes contain the sulfonyl fluoride tag which is potentially capable of reacting with
non-target proteins, this assay is carried out in 1% triton, rather than the 1 mg/mL BSA
which was previously used to avoid non-specific adsorption of proteins and GNPs to
surfaces — a cause of experimental error, especially at very low concentrations.

While it is ideal to measure binding in a 1:1 PGR to avoid the complexities associated
with multiple binding sites or cooperative binding, the amount of G27 required in this
instance to match the protein concentration would be difficult and expensive to make.
Fortunately, it was previously found that the quenching efficiency remained almost
constant for a fixed Gx-dimannose concentration after mixing with DC-SIGN over a
certain PGR range.(130) Therefore, as long as the concentration of DC-SIGN does not
exceed the saturation of G27-glycans, a lower concentration of G27 can be used while
still accurately measuring apparent Kq. Based on a DC-SIGN binding footprint of 35
nm?,(119) and the surface area of a G27-glycan/SF probe calculated using their
hydrodynamic sizes, roughly 110 DC-SIGN molecules were calculated to be able to bind
one G27-glycan before saturation is reached, well above the chosen 25:1 PGR ratio for
this assay.

Samples of DC-SIGN-atto643 and G27s mixed in protein:G27 molar ratio of 25:1 over a
protein concentration range 1-64 nM were incubated for 2 hours and then centrifuged to
pellet the G27-DC-SIGN-atto643 complexes out of solution. The fluorescence intensity
of the supernatants containing unbound DC-SIGN-atto643 were then recorded at an
excitation wavelength (Aex) of 630 nm. When carried out using a control particle bearing
no glycan on its surface (G27-OH), negligible reduction in the fluorescence intensity of
each sample was observed (Figure 8.3). This result matched those obtained in the
hydrodynamic size analysis which indicated no DC-SIGN binding and verified that any
reduction in fluorescence observed for glycan coated probes would be due to specific
MLGIs between G27-glycans and DC-SIGN-atto643.
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Figure 8.3 Fluorescence intensity spectrum of DC-SIGN-atto643 over a concentration
range of 8-64 nM and the corresponding fluorescence intensities of the supernatant of
DC-SIGN-atto643 mixed in a 25:1 ratio with A) G27-OH or B) G27-dimannose, after
centrifugation.

To calculate the enhancement factor, 8, of multivalent G27 particles, G27s bearing only
dimannose or fucose were used. G27-dimannose and G27-fucose were mixed with DC-
SIGN-atto643 as described above. The % of DC-SIGN bound was calculated via
Equation 8.1 where IF1 is the integrated fluorescence intensity of the sample supernatant
and IFo the integrated fluorescence intensity of the DC-SIGN-atto643 control. Since G27-
OH showed no DC-SIGN binding and no reduction in fluorescence intensity when mixed
with DC-SIGN-atto643 in two separate experiments, for further experiments the
fluorescence intensity of the DC-SIGN-atto643 only was used as the control (Fo/lFo). The
% bound was then plotted vs protein concentration and fitted to the Hill Equation 8.2,
where V is the % of DC-SIGN-atto643 bound to GNPs, Vmax is the maximum % bound,
[P] is the protein concentration, Ky is the apparent binding dissociation constant (or
effective concentration for 50% binding) and n is the Hill coefficient which indicates
binding cooperativity (where n>1 indicates positive cooperativity and n<1 indicates
negative cooperativity and n=1 indicates no cooperativity). Previously in the quenching
experiment, n was fixed at 1 due to the binding occurring in a 1:1 PGR where no
intermolecular lectin-lectin interactions were expected to inhibit or promote the lectin-
GNP binding. Here, n was not fixed since the assay was performed in a 25:1 ratio and
therefore it is reasonable that binding of one lectin may inhibit binding of further lectins
to the same GNP as a result of steric hindrance, especially as higher concentrations are
reached and the number of lectins per GNP increases.

IFO _IFl

0, =
Yobound IF, Equation 8.1
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Figure 8.4 Percentage DC-SIGN-atto643 bound — DC-SIGN-atto643 concentration
relationship for binding to A) G27-dimannose and B) G27-fucose. Graphs were fitted by
the Hill Equation 8.1 and error bars represent the SDs of duplicate experiments at each
concentration.

Binding of DC-SIGN-atto643 to G27-dimannose and G27-fucose produced low nM Kgs
(1.0 nM and 2.4 nM, respectively) correlating to high affinity enhancement factor, 3, of
up to ~9 x 10° over the respective monovalent binding (0.9 mM for dimannose) (Figure
8.4).(77) These binding affinities were similar to those obtained by G5-glycan-DC-SIGN-
atto643 binding through the quenching assay discussed in Chapter 4 (3.5 nM and 3.9
nM for G5-EGe-dimannose and G5-EGs-fucose respectively). Although on the same
order of magnitude, the slightly stronger binding for G27-glycans compared to G5-
glycans can be attributed to both a higher local concentration of ligand on the larger G27
surface, and a lower surface curvature which improves the accessibility of glycans on
the surface to DC-SIGN CRDs for multivalent binding. Despite the PGR being lower than
the DC-SIGN saturation of one G27, quantitative binding was not reached even at high
concentrations, with the maximum DC-SIGN-atto643 bound to G27-dimannose reaching
only 70% and G27-fucose reaching 67%. As expected n had a value of <1, indicating
that binding of DC-SIGN-atto643 to G27-glycans inhibits subsequent binding events,
likely due to increased hindrance as the number of DC-SIGN per G27 increases.

To determine the effects the affinity tag has on DC-SIGN binding, the pull-down assay
was repeated with the glycan and sulfonyl fluoride loaded G27 particles. Similar to the
G27-glycan only experiments, DC-SIGN-atto643 was incubated with the G27-
glycans:SF probes for two hours with shaking to ensure sufficient time for some covalent
binding to occur between the sulfonyl fluoride and any surface exposed nucleophilic
amino acid residues within reach. The results were processed as before and the Hill plots
are shown in Figure 8.5. Since there is a covalent element to this interaction, this gives
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an apparent Ky which describes only the non-covalent binding interaction. However, as
the covalent portion reduces the concentration of the non-covalent complex, the
equilibrium for the reversible binding step shifts toward complex formation, leading to a
lower Ky value (stronger apparent binding) even though the core non-covalent K4 may
remain unchanged. Therefore, while this value is not a true equilibrium Ky, it can provide
information on the formation of covalent interactions for the different ratio affinity tags,
as it is expected that the 5:1 ratio will induce the highest covalent interactions in this
timeframe and will therefore shift the equilibrium the most.
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Figure 8.5 Percentage bound vs concentration relationship for DC-SIGN binding to A)
G27-dimannose:SF(5:1), B) G27-dimannose:SF(10:1), C) G27-dimannose:SF (20:1), D)
G27-fucose:SF(5:1), E) G27-fucose:SF(10:1), F) G27-fucose:SF (20:1). Graphs were
fitted by the Hill Equation 8.1 and error bars represent the SDs of duplicate experiments
at each concentration.

Firstly of note is that the presence of the SF tag, especially for G27-fucose:SF(5:1),
reduced the apparent Kqs compared to G27-fucose by an order of magnitude (0.2 nM vs
2.0 nM). For the G27-dimannose:SF probes, the apparent Ky remained almost the same
over the varying SF surface loading (0.28 + 0.05, 0.25 + 0.03, 0.33 + 0.07 nM for 5:1,
10:1 and 20:1 dimannose: SF, respectively) whereas the apparent Ky for the fucose
probes became weaker as the amount of SF decreased (0.28 + 0.04, 0.57 £ 0.05, 1.1 +
0.06 nM for 5:1, 10:1 20:1 fucose: SF, respectively). This would indicate that the
presence of the sulfonyl fluoride has more of an enhancement on fucose binding than
dimannose binding. At the 5:1 ratio, the high local concentration of SF plays a large role
in the overall binding which explains why the apparent Ky for G27-dimannose:SF(5:1)
and G27-fucose:SF(5:1) are similar, but as the % of SF decreases the dimannose and
fucose ligands play a greater role in the binding. Since dimannose is a stronger binder
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than fucose, the apparent Ky for the G27-dimannose:SF remains low when there is less
influence from the SF covalent linkage at the 10:1 and 20:1 ratios, whereas the apparent
Kq for fucose gets weaker as the ratio of SF decreases. Nonetheless, even at lowest
proportion of SF (20:1), the SF still afford an affinity enhancement, albeit small, over the
G27-glycan only probes.

In addition, agglutination of the G27-glycan:SF nanoparticles by DC-SIGN may
contribute to the overall affinity enhancement by forming large complexes composed of
three-dimensional networks of lectins and probes. Larger complexes were observed for
G27-fucose:SF-DC-SIGN by DLS, and could also contribute to G27-fucose:SF (5:1) and
G27-dimannose:SF(5:1) having the same apparent Ky despite fucose being a weaker
DC-SIGN binder.

It is promising that the presence of the sulfonyl fluoride affinity tag improved the apparent
binding affinity of these probes with DC-SIGN. While the 5:1 ratio appears to enhance
binding the most, especially so when neighbouring to fucose, it must be kept in mind that
the SF itself is not a selective molecule and a high ratio of SF on the gold surface may
lead to non-specific binding when in a more complex mixture of proteins. A more detailed
analysis of this is explored later in this chapter.

8.2.5 Covalent labelling yield

The increase in apparent binding strength upon addition of the sulfonyl fluoride tag would
indicate the presence of a covalent link. To confirm the sulfonyl fluoride was truly able to
covalently bind to DC-SIGN and that the affinity enhancement was not owing to a
different mechanism, an experiment was carried out to measure the covalent labelling
yield. DC-SIGN-atto643 and G27-glycan:SF were mixed and incubated in a 25:1 PGR,
and the integrated fluorescence (IF+) of the supernatant was measured as described in
the section above for measuring apparent Ky (Figure 8.7A). To remove any residual
supernatant containing unbound DC-SIGN, the pellet was washed with HEPES buffer.
After removing the supernatant from the HEPES buffer wash, the pellet was then
incubated with 50 mM mannose in buffer, which would outcompete the G27-
dimannose/fucose ligands binding with DC-SIGN and release any non-covalently bound
DC-SIGN-atto643 from the G27 particles, leaving only those covalently bound by the SF.
After pelleting again, the supernatant was then measured for its integrated fluorescence
intensity (IF2) to determine the proportion of DC-SIGN-atto643 released/non-covalently
bound (Figure 8.7B). IF1 and IF> were combined (Figure 8.7C) to give the total DC-SIGN-
atto643 recovery, and provide the proportion covalently bound using Equation 8.3, where
IFo is the integrated fluorescence of the 25 nM protein control sample. An overview of
the method is given in Figure 8.6.
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Figure 8.6 Schematic of the method for the fluorescence based pull-down assay.
Combining the fluorescence intensities of the initial supernatant with the supernatant
after a mannose wash allows for the calculation of the % of DC-SIGN that is covalently
bound to the nanopatrticles.
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Figure 8.7 Fluorescence intensity spectra of the supernatant of G27 dimannose + DC-
SIGN-atto643 samples after A) incubation for two hours followed by centrifugation, where
the area under the curve represents unbound DC-SIGN-atto643, B) incubation of the
remaining pellet with 50 mM mannose followed by centrifugation where the the area
under the curve represents the amount of DC-SIGN-atto643 non-covalently bound C)
combined fluorescence intensity of A and B, where the difference in the area under the
curve between the samples and the protein control represents the amount of DC-SIGN-
atto643 covalently bound.
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Figure 8.8 Bar graph representing the total amount of DC-SIGN-atto643 bound to each
G27 particle and the proportion of this total which represents covalently bound DC-SIGN-
atto643 (blue) and non-covalently bound (red) after a 2 hour incubation. G27 with the
highest proportion of SF covalently binds the highest proportion of DC-SIGN-atto643,
decreasing as the proportion of SF decreases, and particles containing no SF do not
covalently label any DC-SIGN-atto643. The % yields were calculated based on the
amount of DC-SIGN-atto643 used for a given reaction.

Using Equation 8.1 and IF4, the total % of DC-SIGN-atto643 bound (covalent + non-
covalent) to G27-dimannose:SF was found to be 68%, 64%, 61%, 62% for 5:1, 10:1,
20:1, 1:0 dimannose:SF. Equation 8.3 was then used to calculate what proportion of DC-
SIGN-atto643 was covalently bound to the G27-dimannose:SF. The data showed that
42%, 35% and 24% of the original DC-SIGN was covalently bound for 5:1, 10:1 and 20:1
dimannose:SF ratios, respectively, while the G27-dimannose showed full fluorescence
recovery after the mannose wash since no covalent linkages were able to form and all
DC-SIGN-atto643 molecules were released from the pellet. As expected, the G27
particles with a lower proportion of SF showed the lowest % of DC-SIGN-atto643
covalently bound since DC-SIGN-atto643 would be less likely to come into contact with
the sparsely positioned SF tags, instead binding non-covalently to the glycans on the
gold surface. The higher the proportion of SF ligands, the more likely they would be in
close enough proximity to be able to covalently tag a DC-SIGN-atto643, resulting in a
higher proportion being covalently bound after 2 hrs (Figure 8.9).
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A similar pattern was observed with fucose:SF samples, with total % of DC-SIGN-atto643
bound to G27 particles found to be 63%, 63%, 66% and 56% for 5:1, 10:1, 20:1, 1:0
fucose:SF particles and the % covalently bound were found to be 39%, 34% and 29%
for 5:1, 10:1 and 20:1 fucose:SF ratios with G27-fucose showing complete DC-SIGN-
atto643 release after a mannose wash. These data match the K4y measurements, with
both Ky and covalent labelling efficiency becoming weaker/ decreasing with lower
proportions of SF.

Figure 8.9 Schematic depicting how G27-glycans:SF (5:1) (bottom) are able to
covalently label more DC-SIGN over a two hour incubation period than G27-
glycan:SF(20:1) (top). The local concentration of SF on the G27-glycans:SF (5:1) is
higher and therefore DC-SIGN is more likely to bind in close proximity to an SF ligand,
enhancing the covalent binding ability over this time period. Washing the particles with
excess mannose releases any non-covalently bound DC-SIGN from the G27 surface,
leaving only those bound to SF.

8.2.5.1 Glycan dependency

Two control experiments were conducted to determine if SF labelling was dependent on
an initial contact between the glycans and DC-SIGN which draws the SF in close enough
proximity to covalently interact, or whether covalent binding is independent of the
presence of glycans. Firstly, a G27-OH:SF (5:1) control particle which produces no MLGI
interactions was employed to determine if formation of the covalent bond was dependent
on glycan binding. Indeed, no binding was observed between DC-SIGN-atto643 and the
control particle after 2 hours, determined by the preserved fluorescence intensity of the
supernatant after pelleting (Figure 8.10A). Secondly, when the initial incubation between
DC-SIGN-atto643 and G27-glycan:SF was repeated in the presence of 50 mM mannose,
no binding of DC-SIGN was observed for the G27-dimannose:SF (5:1) or G27-fucose:SF
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(5:1) particles either (Figure 8.10B). It is possible that the nucleophilic amino acid
residues available for covalent binding are close to the DC-SIGN CRDs, and can
therefore only bind to SF after the rapid and selective binding of fucose and dimannose
with DC-SIGN. This catalyses the formation of the covalent bond by bringing the
neighbouring SF ligands in close enough proximity to the residues for a reaction to occur
(Figure 8.10B). The control OH is unable to induce proximity enhanced labelling and
therefore covalent binding is more difficult to achieve from short, random collisions.
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Figure 8.10 The fluoresence intensity sprecra of the supernatant of DC-SIGN-atto643
(25 nM) before and after a 2 hour incubation with 1 nM of A) G27-OH:SF(OH) and B)
G27-dimannose:SF(5:1) and G27-fucose:SF(5:1) in the presence of 50 mM mannose.
No reduction in the intensity was observed in either case validating that binding of SF
probes to DC-SIGN is glycan dependent.

8.2.5.2 Time course analysis

After determining the labelling yields with a 2 hour incubation, a time course analysis
was carried out to investigate whether a longer reaction time would lead to higher, or
even quantitative labelling yields. Samples were measured at 5 time intervals over a 24
hour period and treated as described above for labelling yield. Although total binding %
remained roughly constant, the covalent labelling yield increased over the 24 hour
period. After 24 hours, the labelling yield for the G27-glycan:SF (5:1) was within error of
the total binding (Figure 8.11A). This highlights that formation of covalent bonds was time
dependent, and that even if a DC-SIGN molecule is not bound close enough initially, the
process of statistical binding over the 24 hour period allows a greater proportion of DC-
SIGN molecules to eventually land and bind non-covalently to a glycan ligand in close
enough vicinity to an SF ligand for a covalent bond to then occur. Previous valency
calculations for a G27-EGs-dimannose indicated the presence of up to 6700 ligands on
a G27 the surface, meaning that a 5:1 dimannose:SF would contain over 1000 SF
groups.(130) Despite this far outweighing the number of DC-SIGN per G27 in this
experiment, quantitative binding is not achieved even after 24 hours.
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The 10:1 and 20:1 glycan:SF samples followed a similar pattern with labelling yield
increasing with time although at a slower rate, and despite continuing to increase over a
further 24 hours, some non-covalently bound DC-SIGN-atto643 was still observed at 48
hours (Figure 8.11B/C). The control G27-OH:SF which showed no initial binding after 2
hrs (Figure 8.10A), continued to show no covalent binding to DC-SIGN-atto643 over a
24 hour period, further confirming that labelling is initiated by the glycan-DC-SIGN
binding induced proximity effect (Figure B. 15).
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Figure 8.11 Time course of the total labelling and covalent labelling efficiency of DC-
SIGN by G27-glycan:SF probes containing glycan:SF ratios of A) 5:1, B) 10:1 and C)
20:1. The % yields were calculated based on the amount of DC-SIGN used for a given
reaction.
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8.2.6 Selectivity of G27-glycan:SF towards DC-SIGN over non-

glycan binding proteins

While the G27s with the highest proportion of SF generally exhibited the greatest binding
affinity and covalent labelling yields, it was desirable to find out if the ratio of glycan:SF
had an effect on the selectivity of these particles for DC-SIGN over non-target proteins
to assess whether they might be useful for covalent labelling or selective isolation in a
complex proteome. The glycan dependency of SF binding to DC-SIGN was a promising
start, but could not rule out their binding in a glycan independent manner to other
proteins.

8.2.6.1 BSA binding

To determine if G27-glycan:SF probes could bind other proteins and if this was
dependent on the proportion of SF on the gold surface, the non CLR protein, BSA, a
highly abundant serum protein in blood, was chosen as a model non-target protein.
Firstly BSA was labelled with FITC. FITC was chosen as an appropriate dye since its
excitation and emission spectra has no overlap with that of atto643. They can therefore
be used in conjunction with each other -something later required for a competition study
without FRET occurring between the two dyes and interfering with the results. After
mixing BSA with FITC, the solution was filtered and washed with HEPES binding buffer
through a 30 kDa MWCO to remove unbound dye. Using the ratio of the absorbance of
FITC at pH 7.8 at 280 nm (where proteins absorb) and 495 nm (FITC Amax), the correction
factor to account for the contribution of the dye to the absorbance at 280 nm was
determined to be 0.32. BSA-FITC concentration was then calculated via Equation 8.4
where C is BSA concentration, 43824 M cm™ is the extinction coefficient of BSA and p
is the path length.

_ Azgo — (A4o5.0.32)
Cpsa-rirc = 43,824 .p Equation 8.4

BSA-FITC was mixed with G27-probes in a 25:1 molar ratio and the % bound was
measured as previously described, using Equation 8.1. For FITC, a lower excitation
wavelength of 495 nm was used and emission was measured between 510-630 nm,
correlating to the excitation and emission spectrum of FITC respectively. BSA is not a C-
type lectin or other glycan binding protein and therefore, as expected, did not bind the
G27-glycans (no reduction in FITC emission was observed). However, G27-fucose:SF
of all three SF ratios, as well as the G27-OH:SF control were able to efficiently label
BSA-FITC, with up to a 69% labelling yield, even at a 2 hour time period. No further
increase in the labelling yield was observed over a further 22 hrs (Figure 8.12). Unlike
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the binding to DC-SIGN the labelling of BSA was not correlated to the % of SF on the
gold surface, with 5:1, 10:1 and 20:1 fucose:SF all showing 60-70% yield. It is interesting
that binding of DC-SIGN is glycan dependent but BSA is not - perhaps BSA has a greater
presence of accessible nucleophilic amino acid residues on its surface.

In contrast, the G27-dimannose:SF affinity probes were unable to label BSA-FITC, even
over a 24 hour period (Figure 8.12B). This is a strange results considering the extent of
BSA labelling for the G27-OH:SF or G27-fucose:SF particles, but might be explained by
the bulkier size of a dimannose ligand vs a fucose/OH ligand being able to hinder the
entry of BSA towards a surface SF for binding. If this is the case, it may be possible to
optimise the G27-fucose:SF particles to be specific to fucose binding proteins by using
a longer linker to attach the fucose to the GNP as to hinder the SF to only be accessible

once a protein is bound to fucose.
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Figure 8.12 labelling efficiency of BSA-FITC by G27-glycan:SF probes after a) 2 hrs and
b) 24 hrs. The % yields were calculated based on the amounts of BSA-FITC used for a
given reaction.

8.2.6.2 DC-SIGN vs BSA selectivity

While G27-fucose:SF bound BSA-FITC with high efficiency, it was of interest to evaluate
their selectivity when mixed simultaneously with DC-SIGN and BSA. Since MLG binding
typically occurs on a shorter time scale than the formation of covalent bonds, it was
hypothesised that when in competition, DC-SIGN would outcompete BSA. G27-
gylcan:SF were mixed with a solution of DC-SIGN-atto643 and 5 fold excess BSA-FITC
and the selectivity measured over a 48 hour period by the reduction in the fluorescence
signals. Figure 8.13 shows the time course covalent labelling efficiency for DC-SIGN-
atto643 by G27-glycan:SF probes in the presence of excess BSA-FITC. As expected,
G27-dimannose:SF maintained labelling selectivity to DC-SIGN-atto643 over the
duration of 48 hours, with the 5:1 ratio labelling only 4 % of BSA-FITC. Despite low BSA-
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FITC labelling, the labelling yields for DC-SIGN-atto643 after 48 hrs were slightly lower
than when in the absence of BSA-FITC for all SF ratios. This is likely due to sequestration
by BSA reducing the availability of the DC-SIGN molecules. In the absence of BSA, each
G27-dimannose:SF (5:1) covalently binds ~15 DC-SIGN-atto643 which was reduced to
~10 when in the presence of 5-fold excess BSA.

Interestingly, the fucose:SF G27 particles were not selective for DC-SIGN over BSA at
any glycan:SF ratio, and instead bound both simultaneously. As observed before, the
quantity of BSA bound is independent of glycan:SF ratio and remained roughly 38 BSA
(~30% of the total based on a 125:1 PGR) per G27-fucose:SF. Binding of DC-SIGN
however, remained dependent on SF proportion with the 5:1 binding 13 DC-SIGN
tetramers (51% of a 25:1 PGR), 10:1 binding 11 (46%) and 20:1 binding 10 (41%).
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Figure 8.13 Time course of the covalent labelling of DC-SIGN-atto643 (25 nM) by A)
G27-fucose:SF or B) G27-dimannose:SF probes (1 nM) in the presence of excess BSA-
FITC (125 nM). The % yields were calculated based on the amounts of protein used for
a given reaction.

8.2.7 Developing a method to label, isolate and identify proteins

from the cell surface.

Results from Section 7.2.4 revealed that binding of G5-EGn-glycans to dendritic cell
surfaces was not solely dependent on DC-SIGN. Endocytosis quantification experiments
using both a DC-SIGN inhibitor and a macrophage mannose receptor (MMR) inhibitor
showed that while some endocytosis is dependent on DC-SIGN, the MMR is also
responsible for a large proportion of binding and internalisation of G5-EGs-dimannose
and G5-EGe-fucose on dendritic cells. Inhibiting both receptors simultaneously did not
completely abrogate G5-glycan internalisation, and this is a strong indicator that other
mannose or fucose binding cell surface lectins could be responsible for the immune
modulation responses seen in Chapter 7.
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The affinity probes in this chapter were developed as a way to isolate and identify such
proteins. They should be able to covalently label proteins in a glycan dependent way in
a complex cellular environment to ensure only those which would bind G5-dimannose
and G5-fucose in the absence of SF are isolated. So far, the G27-dimannose:SF probes
have shown a promising ability to do such, and are able to discriminate and selectively
label DC-SIGN when in competition with BSA.

In order to use these affinity probes in a cellular environment, first a method of identifying
proteins off the GNP must be developed. The most common method to do such is
through liquid chromatography tandem mass spectrometry based proteomics, where
proteins are first digested into their peptide fragments, which can then be used to confirm
the identity of the whole protein through MS/MS based methods.(456) In order for this to
work with the gold-nanoparticle pull down system, a way to remove and isolate the
protein from the surface of the gold nanoparticle must first be developed. Two methods
for this have been recognised.

The first method would be to take the GNP-protein pellet after stringent washes to
remove non-covalently bound proteins, and add a protease directly to the solution while
the protein is still covalently bound to the GNP. This would leave the labelled peptide
attached to the GNP, but the remaining peptides could be easily isolated through
pelleting the GNP and collecting the supernatant containing the peptide fragments
(Figure 8.14A). The protein should still be able to be identified from the digested
fragments despite the labelled one being attached to the GNP pellet.

The second method involves removing the intact labelled protein by displacing the LA-
ligands from the surface of the gold nanoparticle and isolating the labelled protein. The
protein can then be digested (Figure 8.14B). This would allow for the identification of the
protein, the labelled peptide, and the exact labelled amino acids, but is a more complex
process.
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Figure 8.14 Shematic depicting A) and on-GNP protein digestion which would leave the
lablled peptide attached the the gold pellet after centrigugation but would still allow for
protein identification using the remaining peptides in the supernatant and B) an off-GNP
protein digestion where the protein is first released from the GNP along with the covalent
affinity ligand before digestion, which allows for both identifcation of the protein identity,
and the amino acid location of the covalent tag.

8.2.7.1 On-GNP digestion

This experiment was performed using smaller G13 particles as the concentration range
available for G27 particles was insufficient to isolate enough protein for further analysis.
G13, which can be easily prepared in larger amount and in higher concentrations,
enabled the isolation of higher concentrations of DC-SIGN while still amenable to
pelleting at centrifugation speeds of 17,000 x g on a standard lab bench. They were
prepared as described in Section 2.4.2.2 with the 5:1 glycan:affinity tag modification.

Using the optimal labelling conditions found in Figure 8.11A, DC-SIGN (unlabelled) was
reacted with G13-dimannose:SF(5:1) and G27:13-fucose:SF(5:1) for 48 hours at 4 °C
with shaking. The GNP-DC-SIGN pellet was purified by a few cycles of stringent washes
containing excess mannose, then the pellet was resuspended in ammonium bicarbonate
buffer. The solution was treated with dithiothreitol (DTT) and iodoacetamide (IAA) to
reduce and alkylate any disulfide bonds, and then trypsin was added to digest the DC-
SIGN. After centrifugation, the supernatant containing the peptides was collected,
desalted and subjected to LC-MS/MS analysis. Figure 8.15 shows a representative
MS/MS spectra for a digested peptide fragment from a control sample where DC-SIGN
was digested in the absence of G13, and the same sequence was identified from the
G13-fucose:SF(5:1) and G13-dimannose:SF(5:1) + DC-SIGN samples, indicating the
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presence and successful identification of DC-SIGN via this method. A list of the other
DC-SIGN related peptides identified by MS/MS is given in Appendix B for the DC-SIGN
control (Figure B. 16) which showed 64 % amino acid sequence coverage, and the G13-
fucose:SF(5:1) and G13-dimannose:SF samples (Figure B. 17-18) which showed 52 %
and 53 % amino acid sequence coverage respectively. Missing peptides/amino acid
sequences may be due to very long or very short peptides after digestion, which are
difficult to detect by MS.
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Figure 8.15 LC-MS/MS spectrum of a peptide fragment observed for both A) control
sample of DC-SIGN digested with trypsin and B) DC-SIGN treated first with G13-
fucose:SF(5:1), then pulled down and digested with trypsin. B) DC-SIGN treated first
with G13-dimannose:SF(5:1), then pulled down and digested with trypsin.

Coverage of the DC-SIGN amino acid sequence was not full using this on-GNP LC-
MS/MS method and analysis, however, typically a 30-50% coverage is enough to identify
a protein.(460) The benefit of a higher protein sequence coverage (>50%) is a greater
identity confidence and higher probability of detecting post-translationally modified
peptides however, since the main aim was to identify the protein and not the modified
peptide, this technique of on-GNP digestion could be viable way of identifying other
unknown proteins present in the sample when carried out in a more complex mixture of

proteins/on a whole cell.

While identifying the labelled peptide was not necessary for protein identification, it is
noted here that samples for both G13-glycan:SF treated DC-SIGN show almost identical
sequence coverage, but the control sample contained the presence of an extra peptide
from 253-280 in the extracellular DC-SIGN amino acid sequence (Figure 8.16,
highlighted in blue). This peptide ends just 5 amino acids away from the start of the
mannose binding motif and contains nucleophilic amino acid residues (serine, lysine)
capable of being labelled by the sulfonyl fluoride. It is therefore possible that the lack of
this peptide in the affinity tag samples means this is a labelled peptide which remained
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covalently attached to the G13 pellet after trypsin digestion. Further repeats would help

in confirming this.

Other amino acids present in the control but not in the G13-glycan:SF-samples include
nucleophilic serine and lysine residues, although these residues are located in the neck
region of DC-SIGN and are likely too far away from the CRD to have been labelled.
Furthermore, it is impossible to tell whether some of the sequences which are missing
due to being too long or short to detect by MS have been labelled in the G13-glycan:SF
treated samples as they would not be present either way.

1 AKVPSSISQE QSRQDAIYQON LTQLKAAVGE LSEKSKLQEI YQELTQLKAA VGELPEKSKL QEIYQELTRL
71 KAAVGELPEK SKLQEIYQEL TWLKAAVGEL PEKSKMQEIY QELTRLKAAV GELPEKSKQQ EIYQELTRLK
140 AAVGELPEKS KQQEIYQELT RLKAAVGELP EKSKQQEIYQ ELTQLKAAVE RLCHPCPWEW TFFQGNCYFM
210 SNSQRNWHDS ITACKEVGAQ LVVIKSAEEQ NFLQLQSSRS NREFTWMGLSD LNQEGTWQWV DGSPLLPSFK
280 QYWNRGEPNN VGEEDCAEFS GNGWNDDKCN LAKFWICKKS AASCSRDEEQ FLSPAPATPN PPPA

Figure 8.16 The extracellular DC-SIGN sequence where the blue bold letters are the
amino acids identified in the control DC-SIGN sample but not in either of the G13-
glycan:SF treated samples and the bold red letters are the mannose binding motif. The
results were obtained by combining the LC-MS/MS analysis for each sample, found in
Figure B. 16-18.

8.2.7.2 Off-GNP digestion

Since the gold-thiol bond is strong, a number of methods were trialled for displacing the
LA-SF-DC-SIGN off the gold surface. One method involved the use of a gold etching
solution containing 0.01M Ks[Fe(CN)s], 0.001M K4Fe(CN)s, 0.1M sodium thiosulfate and
0.1M ammonia.(461) Using the optimal labelling conditions found in Figure 8.11A, DC-
SIGN-atto643 was mixed with G13-dimannose:SF(5:1) and G13-dimannose:SF(5:1) for
48 hours at 4 °C with shaking. To determine if the etching solution could displace the
ligand from the surface, the mixture was first centrifuged and the fluorescence intensity
of the supernatant was measured (F1). The pellet was resuspended in buffer containing
excess mannose and after centrifugation, the supernatant was again collected and
measured for fluorescence intensity (F2). Finally, the pellet was incubated in the etching
solution for 2 hours, and after a third round of centrifugation, the supernatant was
measured for fluorescence intensity (F3). The supernatant after etching showed high
fluorescence intensity, indicating that the LA-SF-DC-SIGN-atto643 had been
successfully displaced from the GNP surface. Furthermore, combining F1, F2 and F3
showed fluorescence comparable to the DC-SIGN control (Figure B. 19).

A difficulty with this method was the effect the etching solution had on DC-SIGN. DC-
SIGN (unlabelled) was treated with this etching solution. The mixture was then purified
using a MWCO filter and analysed by high resolution mass spectrometry. After a 2 hour
incubation with the etching solution, a reduction in the DC-SIGN peak intensity was
observed and a new peak at a retention time of 2.4 minutes was detected. After 24 hours,
the DC-SIGN peak was no longer present, indicating degradation of DC-SIGN. To avoid
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interference from degraded DC-SIGN fragments during MS acquisition, a second

method was trialled.
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Figure 8.17 LCMS elution profiles of DC-SIGN (unlabelled, 10 uM, monomer) after
treatment with the gold etching solution for A) 0 minutes B) 2 hours C) 24 hours.

For method 2, B-mercaptoethanol was used as a way to etch the GNP and displace the
LA-SF-DC-SIGN. Once again, using the optimal labelling conditions found in Figure
8.11A, DC-SIGN was mixed with G13-dimannose:SF(5:1) and G13-fucose:SF(5:1) for
48 hours at 4 °C with shaking. The labelled proteins were then purified by a few cycles
of stringent washes containing excess mannose. The pellet was then suspended in
Laemmli buffer containing 2.5% B-mercaptoethanol and heated to 90 °C for 10 minutes.
During this time the solution became grey, indicating the aggregation or etching of the
G13 particles. The sample was centrifuged and the supernatant collected. SDS-page
analysis of the supernatant verified that DC-SIGN had been released from the surface
of the GNP (Figure 8.18). These are common conditions used to denature proteins
before SDS page and do not interfere with the primary structure of DC-SIGN.
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Figure 8.18 SDS page of the affinity labelling of DC-SIGN (200 nM) with G13-
dimannose:SF(5:1) (20 nM). The G13-dimmannose:SF-DC-SIGN pellet was washed
with 50 mM mannose in HEPES buffer, then the pellet treated with 2.5%
mercaptoethanol in Laemmli buffer and heated to 90 °C for 10 minutes. The supernatant
was collected and analysed using a 5% stacking gel and 17% running gel. The presence
of the blue protein band on the gel confirm that covalently labelled DC-SIGN had been
released from the GNP pellet.

The Laemmli buffer supernatant containing the protein was processed for LC-MS/MS
analysis by the Astbury Centre at the University of Leeds. Briefly, an s-trap was used to
remove the SDS, mercaptoethanol and other salts, then trypsin was used to digest the
protein. The sample was then subjected to LC-MS/MS analysis. A control sample of DC-
SIGN, not pre incubated with G13-glycan:SF, was included for comparison. The
identified peptide fragments for each sample are shown in Figure 8.19. For both G13-
dimannose:SF(5:1) and G13-fucose:SF(5:1) samples, >98% of the amino acid sequence
for DC-SIGN was identified by LC-MS/MS, highlighting this as a viable method for

confidently identifying the proteins pulled down by the G13 particles.
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Figure 8.19 Amino acid sequences found by LC-MS/MS for A) control DC-SIGN B) DC-
SIGN pulled down by G13-fucose:SF(5:1) and C) pulled down by G13-
dimannose:SF(5:1) where green highlighted letters indicate the identified amino acids.
With the help of Dr Hannah Britt in the School of Chemistry at the University of Leeds,
the data files were analysed using PEAKS studio X software, however, the labelled
peptides eluded detection. The lack of observed modification can most likely be
attributed to the relatively low abundance of these modified species below the limit of
instrument detection. Since the G13-glycan:SF probes were designed to display both
glycans and the protein reactive sulfonyl fluoride in a multivalent fashion, it was
anticipated that multiple sites in the proximity of the ligand binding site could be labelled.
This provided an added complexity to the analysis. If not all peptides in the sample had
incorporated the label equally, e.g. some had multiple labels or were labelled at different
sites, some were partially labelled and some were unlabelled, then the species would be
spread across multiple masses, diluting the overall signal to below the limit of instrument
detection. Despite searching for all mass increases associated with expected
fragmentation of the sulfonyl fluoride tag, the labelled peptides have not been identified
from these samples so far.
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Alternatively, while lysine- and tyrosine-sulfonyl labels may be stable, if labelled at a
serine or cysteine, then the sulfonyl group becomes a good leaving group when in the
presence of the reducing agent DTT, which is required before protein digestion (Scheme
8.5). This would result in the label not being present at all at the time of data acquisition.
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Scheme 8.5 Schematic showing how the sulfonyl ligand becomes a good leaving group
in the presence of DTT, when covalently bound to a serine residue.

8.3 Conclusion and future work

8.3.1 Conclusions

In summary, this chapter has begun to develop an approach for targeting and selectively
labelling GNP-glycan binding proteins on the cell surface, with the intention of isolating
and identifying them to elucidate the pathways involved in glycan mediate cytokine
signalling processes. Gold nanoparticles 27 nm in diameter (G27) supporting both a
glycan ligand and a protein reactive aryl sulfonyl fluoride tag were synthesised and their
ability to bind DC-SIGN was assessed in a pull-down assay, where the protein-G27
complex was pelleted out of solution to facilitate measuring the fluorescence of the
unbound protein in the supernatant. Using the Hill equation to fit the data and extract
apparent binding affinities, it was found that the introduction of a SF affinity tag increased
the ability of the G27-glycans binding to DC-SIGN, improving the binding affinity by up
to an order of magnitude in a sulfonyl fluoride proportion dependent manner. This was
especially the case for G27-fucose:SF particles where a higher proportion of SF resulted
in stronger binding. To support this finding, the percentage of DC-SIGN covalently bound
to the G27 was measured and was found to be greater for particles containing the highest
proportion of sulfonyl fluoride on their surface as expected. The covalent labelling yield
was also found to increase over a 48 hour period till all DC-SIGN bound were turned into
covalently bound. Covalent labelling of these particles to DC-SIGN appeared to be
glycan dependent, and the G27-dimannose:SF particles were found to be specific for
DC-SIGN when in the presence of BSA, a non-target protein. The confirmed presence
of the glycan dependent covalent bond is important for isolating the desired proteins in
a more complex mixture, where covalent tag is required to provide a more tangible link,
but must remain specific to proteins which bind dimannose and fucose to avoid isolation
of non-target species.
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Using the method developed for specific labelling, G13-glycan:SF-DC-SIGN complexes
were isolated, processed and analysed by liquid chromatography tandem mass
spectrometry, which identified a greater than 98% extracellular DC-SIGN amino acid
sequence coverage. These data are important as it validates the use of this method for
identifying unknown proteins that may bind to GNP-dimannose or GNP-fucose on the
cell surface.

8.3.2 Future work

While this approach has so far allowed for the identification of the whole protein bound
to the G13-glycan:SF, it is yet to identify which amino acids have been labelled by the
affinity tag, and if the identity of the glycan directs covalent labelling to different residues,
which may account for the differences in the binding affinities and binding motifs.
Analysis of the LC-MS/MS data is ongoing to identify these sites. Although this work is
on-going, the overarching aim of this chapter was to develop a method that could be
used to identify which cell surface proteins, in addition to DC-SIGN, bind the G5-glycans
discussed in Chapter 7. Future work will therefore focus on optimising these conditions
and carry out on whole-cell based assays. Being able to identify which receptors are
responsible for fucose and dimannose mediated cytokine modulation will provide us with
a more comprehensive picture of the cellular processes involved in not just IL-23
regulation, but also the whole DC immune regulation process, and the implications this
may have on fungal immunity and how it might relate to the onset of the seronegative
spondyloarthropathies.
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Chapter 9 — General discussion and concluding remarks

The seronegative spondyloarthropathies encompass a spectrum of inflammatory
diseases including ankylosing spondylitis, psoriatic arthritis, inflammatory bowel disease,
reactive arthritis, and the arthritis related to anterior uveitis. These conditions share
overlapping clinical features such as axial skeletal inflammation (hip, spine shoulder),
enthesitis, and external sites of inflammation (ciliary body, aortic root, lung apex and
ilium), and their immunopathology is increasing recognised as being strongly associated
with dysregulation of the IL-23/IL-17 axis.(245) Genetic studies including polymorphisms
in the IL-23R gene, functional data from animal models, and blockade of the IL-23/IL-17
proving a successful therapy in SpA patients, have underscored the central role of IL-23
in promoting joint and entheseal inflammation.(305, 361, 462) Elevated IL-23 has been
reported in patient samples and experimental systems, implicating this cytokine as a
pivotal upstream driver of SpA pathology.(463)

Despite these insights, the underlying mechanisms for IL-23 induction in SpA remain
incompletely understood. Attention has been directed towards the role of gut dysbiosis,
barrier disruption and microbial triggers in shaping systemic immune responses.(303,
362, 398) However, the precise receptors and signalling pathways that connect microbial
or endogenous ligands to IL-23 production are less well defined. Mouse models have
implicated the role of the C-type lectin Dectin-1 in triggering IL-23 dependent enthesitis
in the presence of fungal cell wall component B-glucan, but one other potential candidate
is DC-SIGN, a C-type lectin receptor expressed on dendritic cells which recognises high-
mannose and fucosylated glycans.(362, 390) Beyond its role in pathogen recognition,
DC-SIGN is known to modulate downstream immune responses though signalling
pathways than can promote both pro-inflammatory and tolerogenic outcomes depending
on the ligand context.(52, 394) Importantly, studies have demonstrated that DC-SIGN
engagement can drive IL-23 production, linking the activation of DC-SIGN to the IL-23/IL-
17 axis.(368) This raises the possibility that sustained signalling through DC-SIGN may
contribute to the chronic induction of IL-23 in SpA. Despite a plausible connection, direct
evidence for DC-SIGN as an upstream inducer of IL-23 in SpA is lacking, and the
structural or biophysical principles that govern DC-SIGN mediated cytokine modulation

remain under characterised.

Identifying whether DC-SIGN serves as a critical trigger for IL-23 in SpA therefore
represents an important knowledge gap. Elucidating this pathway could not only clarify
the molecular link between innate recognition and the adaptive inflammatory repones,
but also reveal new opportunities for therapeutic intervention. Specifically understanding
how multivalent glycan structures and their presentation influence DC-SIGN signalling
may provide a basis for rationally designing strategies to selectively modulate IL-23
production.
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9.1 Key findings

9.1.1 DC-SIGN - GNP-glycan interactions

Multimeric lectins are widely distributed across biological systems and serve essential
roles in the immune response as pattern recognition receptors. They participate in
diverse processes, including cell-cell adhesion, internalisation of pathogens, and
modulation of cytokine and chemokine activity in response to infection. The strength and
specificity of LGls are strongly influenced by factors such as glycoconjugate size, three
dimensional shape, ligand flexibility and glycan density. Despite their importance,
relatively little research has addressed the structural and biophysical principles that
determine how these design elements govern lectin selectivity. A deeper understanding
of the mechanisms underlying MLGls and the ways in which glycan presentation shapes
these interactions is critical. Such insights will not only advance fundamental knowledge
but also provide a foundation for the rational design of novel and therapeutic strategies
which exploit or modulate lectin recognition.

The first part of this thesis set out to investigate what aspects of glycoconjugate design
have an impact on DC-SIGN binding strength. Particular attention was given to glycan
type (dimannose vs fucose), glycan density, and glycan flexibility on the nanoparticle
surface. The objective was to identify a series of GNP-glycans displaying a range of
binding affinities with DC-SIGN and to use thermodynamic studies to identify the
enthalpic and entropic contributions to binding. This, combined with methods to measure
their binding mode, could help elucidate structural information on DC-SIGN e.g. binding
site orientation, and inter-binding site spacing. These structural insights, in turn, could be
linked to how the organisation and composition of the glycocalyx influences downstream
responses such as IL-23 production.

By exploiting the fluorescence quenching properties of GNPs and using a ratiometric
NSET method, the apparent binding affinities of G5-glycans with DC-SIGN were
measured. Furthermore a study employing dynamic light scattering shed light on their
binding modes. The findings, presented across Chapters 3-4, indicated that glycan type,
glycan density and glycan flexibility all impact DC-SIGN binding strength and binding
mode. In particular, it was observed that G5s with a high surface density of glycans form
only monolayer DC-SIGN coated G5-glycan particles upon mixing with DC-SIGN, where
one Gb5-glycan binds simultaneously to all four CRDs in one DC-SIGN molecule.
Contrastingly, G5-glycans with a lower glycan density, especially those with shorter,
more rigid linkers, showed a greater tendency to form cross-linked species. This was
likely due to their large inter-glycan distances resulting in a lack of complementarity with
the binding sites, and therefore engaging fewer than four CRDs on one lectin. The
volume of the cross-linked species was reduced as linker length increased, indicating
that the increased flexibility of the longer linkers afforded them the ability to bridge the



237

CRDs of one DC-SIGN tetramer, highlighting how linker flexibility can allow for deviation
from spatial constraints of the DC-SIGN CRDs.

This observation was substantiated by a GNP-fluorescence quenching study to
determine the thermodynamic contributions of G5-glycans to the affinity enhancement
mechanisms in MLGls, in which the enthalpy change of binding is directly linked to the
number of CRDs engaged in an MLGI. These data revealed that high density G5-glycans
binding with DC-SIGN resulted in binding enthalpy changes of ~4-fold the monovalent
binding, which was thus attributed to binding of all four binding sites. However, when
displaying low glycan density and short linkers, the enthalpy change of binding for these
G5-glycans translated to 2-3 CRD binding events. This confirmed that the cross-linked
binding mode was due to each low density, short linker G5-glycan engaging fewer than
four CRDs on one DC-SIGN, allowing a second GNP-glycan to bind the remaining
unoccupied CRDs and so on, creating a cross-linked network.

Furthermore, it was observed that GNPs with longer flexible dodeca(ethylene glycol)
(EG12) linkers which tether the glycans to the GNP surface experienced weaker binding
than those tethered by shorter and thus more rigid di(ethylene glycol) (EGz) linkers. It
was hypothesised that this was due to the increased entropic penalty of constraining
longer more flexible linkers, which have greater conformational degrees of freedom.
Indeed, when measuring the thermodynamic contributions, entropy change of binding
became increasingly more negative with increasing linker length, confirming this
hypothesis. The design of potent multivalent binders is therefore a balance between
controlling the spatial arrangement of glycans and providing sufficient flexibility to allow
the glycoconjugate to adapt to the binding sites to maximise enthalpy enhancements,
while simultaneously minimising the entropic cost associated with that flexibility.

Comparing the NSET results to those collected by conventional biophysical techniques
such as ITC verified this ratiometric GNP-NSET readout to be a reliable method for
probing the thermodynamic contributions between G5-glycan-DC-SIGN based MLGIs.
These approaches employed solution-based systems to investigate the biophysical and
structural features of multivalent lectin-glycan-GNP interactions, in isolation from the
additional aspects present on surfaces. However, these systems do not represent the
complexities MLGIs might experience in their native surface-phase environments.
Therefore in order to determine whether calculating solution based K4y measurements
was a reliable method for predicting how receptors behave on the cell surface, an in
cellulo viral inhibition assay was performed to extract antiviral properties of G5-glycans.
During this experiment, G5-glycans were revealed to be potent inhibitors DC-SIGN/R
mediated EBOV-GP infection and uptake by human cells. The ICso values for DC-SIGN
mediated inhibition largely followed a trend, that increasing linker length decreased
inhibition potency. While cell-based assays account for more complexities than solution
based assays, they do not provide the high level of detail such as binding mode, binding
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affinity or thermodynamics therefore performing these assays in tandem and comparing
the outputs helps provide a more comprehensive understanding of the broader
mechanisms of MLGls.

Together, these data demonstrate the importance of being able to identify structural
information on the binding site of the target lectin, which can be used to inform the design
of high affinity glycoconjugates to optimise multivalency and target lectins with high
specificity.

9.1.2 DC-SIGN induced modulation of IL-23

The second half of this thesis set out to investigate IL-23 modulation with particular
emphasis on the potential for DC-SIGN to cross-talk with TLRs to shape cytokine and T
cell responses. The objective was to determine if the GNP-glycans synthesised and
characterised in part A could induce DC-SIGN signalling pathways which would co-signal
with TLR receptors to drive enhanced or suppressed IL-23 production.

The findings presented in Chapter 7 indicated that glycan identity is important in DC-
SIGN modulated IL-23 production. In particular it was observed that addition of high
concentration azido-modified dimannose significantly downregulated IL-23 and IL-10
production in a monocyte derived dendritic cell model, when co-stimulated with the TLR4
ligand LPS. In contrast, it was found that azido-modified fucose upregulated both IL-23
and IL-10.

The modulation of other TLR signalling pathways via DC-SIGN was briefly investigated.
Co-stimulation with Heat Killed Salmonella typhimurium (HKST) (a TLR4 and TLR2
agonist) showed some downregulation of IL-23 by high affinity G5-glyans suggesting that
higher binding affinity G5-glycans could exert some regulatory effect. Notably, all
conditions with HKST led to downregulation of IL-10, with G5-glycans showing linker-
dependent effects, reinforcing the role of DC-SIGN and binding affinity in TLR2 signalling

and potentially promoting a more inflammatory environment.

Outside of TLR2/4 signalling, GNP-glycans often failed to induce significant modulation
of both IL-10 and IL-23 despite exhibiting strong nM binding affinities to DC-SIGN in part
A. When the free ligand concentration was reduced to match the effective glycan
concentration on the gold nanoparticles, the free ligands no longer induced significant
cytokine modulation compared to the LPS control. This indicated that the absence of
modulation observed by the G5-glycans could likely be due to insufficient concentrations.

What was particularly interesting about the high concentration free ligand data was its
discrepancy from the literature. Gringhuis et al. reported that mannose containing ligands
promoted proinflammatory cytokine production (IL-12p40, IL-6) through DC-SIGN and
TLR4 co-signalling. While IL-23 was not directly measured in this study, it shares its p40
subunit with IL-12, which was found to be upregulated in the presence of mannose
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containing ligands.(52) Fucose containing ligands such as Lewis* were observed to
dampen TLR4 induced proinflammatory signalling, with a direct reduction in IL-23
compared to LPS stimulation alone.(92) In this thesis the opposite was observed, where
dimannose downregulated IL-23 and fucose was found to upregulate IL-23. This
discrepancy has so far been attributed to the presence of an azide handle on the free
ligands used in these experiments, as free mannose without an azide handle showed
upregulation consistent with previous reports. This highlights how small structural
modifications to glycan ligands can have a large impact on their cellular activity.
However, in agreement with the data in this thesis, other authors have shown that
engagement of DC-SIGN with the mannose containing ligand ManLAM or mannose
glycopolymers inhibit Dectin-1 induced IL-23 and TLR4 induced IL-12p70, respectively,
but promote Dectin-1 induced IL-6 and LPS induced IL-10.(161, 394) Combined, these
data indicate the need for further detailed investigations into the complex and context
specific nuanced signalling interactions between DC-SIGN and other CLRs and TLRs to
determine the specific role of DC-SIGN in modulating these individual pathways.

Inhibiting DC-SIGN and the macrophage mannose receptor during these experiments
provided further insights into internalisation and signalling mechanisms in DCs. Inhibition
of MMR consistently reduced G5-glycan uptake more effectively than DC-SIGN for both
dimannose and fucose coated G5s. This strongly indicated that other lectins, particularly
MMR, were also significantly responsible for G5-glycan internalisation. Despite MMR
accounting for a significant proportion of G5 internalisation, this did not directly translate
to changes in IL-23 output, suggesting that under these conditions, MMR does not co-
signal with TLR4 to regulate IL-23 production. Conversely, inhibiting DC-SIGN tended to
attenuate IL-23 modulation, thereby implicating DC-SIGN in this specific signalling
pathway for IL-23 regulation.

Consistent with the observed suppression of IL-23 by dimannose, this ligand also largely
skewed the response away from the LPS induced Th17, towards a Th2 phenotype,
evidenced by downregulation of Th17-associated cytokines and upregulation of Th2
cytokines. Free azido-fucose had variable effects on T cell proliferation across donors,
aligning with its variable impact on IL-10, and appeared to enhance the LPS-induced
Th17 response, consistent with its ability to upregulate IL-23 in MoDCs. In contrast, G5-
glycans (both dimannose and fucose) appeared to suppress T cell proliferation, a trend
opposite to that observed with free glycans, suggesting a potentially different mechanism
of T cell modulation, possibly due to steric hindrance. However, the G5-glycans had
minimal impact on T cell cytokine production, which was unsurprising given their limited
modulation of MoDC cytokine production.

Overall, the work provided in Chapter 7 provided some foundational insights into the
complex immunological impacts of glycans on IL-23 driven inflammation, highlighting
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that their effects depend significantly on the glycan type, their presentation (free vs
multivalent), and the specific co-stimulation conditions.

9.2 Drawbacks and study limitations

This study has several important limitations that should be acknowledged. Namely, all
blood samples came from healthy donors with no underlying inflammatory diseases.
While this provided a controlled baseline for examining the effects of GNP-glycan-DC-
SIGN signalling, it limited the ability to directly understand DC-SIGN driven IL-23
production in a disease setting. Ideally, it would have been beneficial to compare the
results from healthy donors to patients with SpA. This would have offered insight into
whether individuals with SpA exhibit altered or predisposed responses to DC-SIGN
engagement.

Second, the experimental work relied on a monocyte derived dendritic cell model, which
display similarity to just one dendritic cell subset. While MoDCs are widely used, they do
not encompass the full diversity of the primary dendritic cell compartment, many of which
may differ in their expression of DC-SIGN and TLRs to modify downstream signalling
pathways differently.

Third, the GNP-glycans used in this study, while highly defined and structurally
controlled, represent only a small fraction of the glycan complexity of the glycocalyx
displayed by fungi, bacteria, and host cells. In a natural infection or tissue
microenvironment, glycan structures are far more heterogeneous, and their spatial
organisation, density, and presentation likely play key roles in shaping lectin signalling.
It would be valuable in the future to study to effects of scaffold size and shape onimmune
modulation, to more accurately mimic the size of bacterial and fungal pathogens.

In addition, while this thesis centred on DC-SIGN-mediated signalling it is important to
note that GNP-dimannose and fucose can also be recognised by other mannose or
fucose binding cell surface receptors. These receptors, either independently or in
combination with DC-SIGN, may have contributed to the observed cytokine responses,
making it difficult to attribute the effects solely to DC-SIGN signalling. To address this,
Chapter 8 detailed the development of an experimental protocol to isolate and identify
all lectin receptors which may be involved in glycan-GNP stimulated IL-23 and other
cytokine signalling.

Finally, while IL-23 modulation was a central readout of this study, the upregulation of
IL-23 alone cannot be taken as definitive evidence of a trigger for SpA. Establishing a
causal role would require in vivo models that capture the complexity of disease
pathogenesis, including the relationship between genetic risk factors, microbial
exposure, and location specific immune responses. Mouse models or patient-derived
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systems will therefore be necessary to validate and extend these findings in a
physiologically relevant context.

Taken together, these limitations highlight the need for further studies using patient
samples, diverse dendritic cell subsets, more complex glycan repertoires, and disease-
relevant models to fully elucidate the role of DC-SIGN in IL-23 regulation and its potential
contribution to SpA pathogenesis.

9.3 Theoretical and practical implications

The studies presented here provide some important insight for understanding how the
multimeric structure of lectins and the design of glycoconjugates influence the specificity
and potency of multivalent lectin glycan interactions. A productive use to these findings
is to inform the design of glyco therapeutics for medical applications. Several key design
principles have emerged from this work. First minimising glycan ligand flexibility can
reduce the entropic penalty of binding, thereby enhancing affinity. However, in order for
this to still retain optimal enthalpy, the rigid linkers must closely match the spatial
organisation of the lectin binding sites as deviations from these spatial constraints cannot
be made up for by flexibility. In the same vein, reducing glycan density reduces the ability
of glycans to simultaneously bind four CRDs, but tetrameric binding can be reintroduced
in low density systems by introducing long flexible linkers which can meld to CRD binding
sites. Therefore finding a balance between enthalpic and entropic factors is vital.

Beyond contributing to revealing details on the design of glycol-therapeutics, this thesis
has demonstrated the practical therapeutic potential of GNP-based glycoconjugates.
Functionalised GNP-glycans were shown to act as potent inhibitors of EBOV-GP-driven
viral infection by binding to DC-SIGN and DC-SIGNR on the cell surface, thereby
blocking viral entry. Importantly this inhibitor mechanism is unlikely to be compromised
by viral mutation, as it targets highly conserved glycosylation patterns on the EBOV
glycoprotein. These findings highlight the promise of GNP-glycans as a potential durable
antiviral strategy.

Although this work did not conclusively establish a direct link between GNP-induced DC-
SIGN signalling and IL-23 regulation in the context of SpA, the observed downregulation
of IL-23 following azido dimannose-DC-SIGN engagement suggests that specific glycan
designs can modulate inflammatory cytokine expression. Furthermore these studies
have begun to investigate whether glycoconjugate design elements such as linker length
and glycan type influence lectin-associated cytokine expression. This opens up avenues
for exploring whether other glycoconjugate properties such as glycan density or scaffold
size can be tuned to selectively influence DC-SIGN mediated immune pathways. Such
strategies could have far-reaching implications, enabling the design of ligands that either
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activate protective immune responses (e.g. against viruses, bacteria or cancer) or

promote tolerance in contexts such as autoimmunity, allergy or transplantation.

9.4 Concluding remarks and future work

Taken all together, this work established polyvalent GNP based glycoconjugates as a
versatile platform with both investigative function and therapeutic potential. Their
structural tunability, low-toxicity and biocompatibility make them valuable for not only
probing the mechanisms of lectin-glycan recognition but also for directing immune
responses in clinically relevant ways. Beyond acting as proof of principle viral inhibitors,
GNP-glycans offer a flexible foundation for developing new strategies to combat infection
and immune mediated disease.

Although this project identified GNP-glycans with low nM binding affinity to DC-SIGN, the
driving force behind excessive IL-23 production in SpA remains unknown, and is unlikely
driven by DC-SIGN alone. Further work should focus on identifying other lectin receptors
which may co-signal with DC-SIGN to modulate immune outcomes. This could be done
using the GNP-based pull down assay developed in Chapter 8. It is also recommended
to compare patient and healthy controls, employ more complex glycan repertories and
scaffold sizes which more closely mimic natural fungi, and use a wider range of relevant

DCs subtypes.
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Appendix A
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Figure A. 1 Volume population hydrodynamic size distribution histograms fitted with a
Gaussian distribution curve for A) G5-EGz-dimannose, B) G5-EGz-fucose, C) G5-EGs-
dimannose, D) G5-EGs-fucose, E) G5-EG12-dimannose, F) G5-EG+.-fucose, made in a
1:500 GLR (D, values given as xc + %2 FWHM).
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Figure A. 2 Volume population hydrodynamic size distribution histograms fitted with a
Gaussian distribution curve for A) G5-EGz-dimannose, B) G5-EGz-fucose, C) G5-EGs-
dimannose, D) G5-EGs-fucose, E) G5-EG12-dimannose, F) G5-EG+.-fucose, made in a
1:300 GLR (D, values given as xc + %2 FWHM).
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Figure A. 4 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EGs-dimannose (1:1000) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and
(F) 16:1 (D values given as xc £ %2 FWHM).
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Figure A. 5 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG12-dimannose (1:1000) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and
(F) 16:1 (D values given as xc £ %2 FWHM).
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Figure A. 6 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG,-fucose (1:1000) (20 nM) with DC-SIGN at varying
protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and (F) 16:1
(Dn values given as xc £ V2 FWHM).
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Figure A. 7 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EGs-fucose (1:1000) (20 nM) with DC-SIGN at varying
protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and (F) 16:1
(Dn values given as xc £ Y2 FWHM).
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Figure A. 8 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EGi.-fucose (1:1000) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and
(F) 16:1 (D values given as xc £ %2 FWHM).
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Figure A. 9 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG2-dimannose (1:500) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and
(F) 16:1 (D values given as xc £ %2 FWHM).
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Figure A. 10 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EGe-dimannose (1:500) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and
(F) 16:1 (D values given as xc £ %2 FWHM).
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Figure A. 11 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG12>-dimannose (1:500) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and
(F) 16:1 (D values given as xc £ %2 FWHM).
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Figure A. 12 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG2-fucose (1:500) (20 nM) with DC-SIGN at varying
protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and (F) 16:1
(Dn values given as xc £ Y2 FWHM).
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Figure A. 13 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EGe-fucose (1:500) (20 nM) with DC-SIGN at varying
protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and (F) 16:1
(Dn values given as xc £ Y2 FWHM).
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Figure A. 14 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG12-fucose (1:500) (20 nM) with DC-SIGN at varying
protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and (F) 16:1
(Dn values given as xc £ Y2 FWHM).
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Figure A. 15 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG2-dimannose (1:300) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and
(F) 16:1 (D values given as xc £ %2 FWHM).
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Figure A. 16 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EGe-dimannose (1:300) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and
(F) 16:1 (D values given as xc £ %2 FWHM).
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Figure A. 17 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG12>-dimannose (1:300) (20 nM) with DC-SIGN at
varying protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and

(F) 16:1 (Dn values given as

xc = 2 FWHM).
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Figure A. 18 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG2-fucose (1:300) (20 nM) with DC-SIGN at varying
protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and (F) 16:1
(Dn values given as xc £ Y2 FWHM).
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Figure A. 19 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EGe-fucose (1:300) (20 nM) with DC-SIGN at varying
protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and (F) 16:1
(Dn values given as xc £ Y2 FWHM).
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Figure A. 20 Volume population hydrodynamic size distribution histograms fitted with
Gaussian fits for the binding of G5-EG12-fucose (1:300) (20 nM) with DC-SIGN at varying
protein:G5 molar ratios (PGR) of (A) 1:1, (B) 2:1, (C) 4:1, (D) 8:1, (E) 12:1, and (F) 16:1
(Dn values given as xc £ Y2 FWHM).
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Figure A. 22 van 't Hoff analyses of the In(Kq)—1/T relationships for DC-SIGN binding
with G5-glycans(1:500) A) G5-EGz-dimannose (grey), G5-EGs-dimannose (red), G5-
EGi2-dimannose (blue) or with B) G5-EG2-fucose (grey), G5-EGe-fucose (red), G5-EG12-
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Figure A. 23 van 't Hoff analyses of the In(Kq)—1/T relationships for DC-SIGN binding
with G5-glycans(1:300) A) G5-EGz-dimannose (grey), G5-EGs-dimannose (red), G5-
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Figure A. 24 VVolume population hydrodynamic size distribution histograms fitted with a
Gaussian distribution curve for G5-glycan + DC-SIGN samples after mixing in the ITC
cell for A) G5-EGz-fucose sample a, B) G5-EG,-fucose sample b, C) G5-EGs-fucose
sample a, D) G5-EGs-fucose sample b, E) G5-EG12-fucose sample a, F) G5-EG1.-fucose
sample b, made in a 1:500.
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Figure A. 25 Comparison of cellular luciferase activities of 293T cells after being trans-
infected with DC-SIGN or DC-SIGNR, pre-incubated with varying concentrations of G5-
EGs-dimannose (A-F) or G5-EG12-OH (G-H) and inoculated with VSV reporter particles
bearing the EBOV-GP (A,C,E,G) or VSV-G (B, D, F, H). Luciferase activities in cell
lysates were measured after 72 hours post-transduction. Error bars indicate the SDs of
experiments performed in quadruplicate.
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Figure A. 26 Comparison of cellular luciferase activities of 293T cells after being trans-
infected with DC-SIGN or DC-SIGNR, pre-incubated with varying concentrations of G5-
EGn-fucose and inoculated with VSV reporter particles bearing the EBOV-GP (A,C,E) or
VSV-G (B, D, F). Luciferase activities in cell lysates were measured after 72 hours post-
transduction. Error bars indicate the SDs of experiments performed in quadruplicate.
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Appendix B

NHS!

Health Research Authority

NRES Committee Yorkshire & The Humber - South Yorkshire
North East REC Centre

Unit 002, TEDCO Business Centre

Rolling Mill Road

Jarrow

Tyne and Wear

NE32 3DT

Telephone: 0191 428 3561
14 April 2014

Professor Dennis McGonagle

Professor of Investigative Rheumatology
Division of Musculoskeletal Disease
Leeds Institute of Molecular Medicine
Chapel Allerton Hospital

Chapeltown Road

Leeds

LS7 4SA

Dear Professor McGonagle

Study title: Collection of joint Mesenchymal Stem Cells by
aspiration, biopsy, joint retrieval at arthroplasty or by
synovium agitation during arthroscopy.

REC reference: 14/YH/0087

IRAS project ID: 100077

Thank you for your letter of 11 April 2014, responding to the Committee’s request for further
information on the above research and submitting revised documentation.

The further information has been considered on behalf of the Committee by the Chair.

We plan to publish your research summary wording for the above study on the HRA website,
together with your contact details, unless you expressly withhold permission to do so.
Publication will be no earlier than three months from the date of this favourable opinion letter.
Should you wish to provide a substitute contact point, require further information, or wish to
withhold permission to publish, please contact the REC Manager Joan Brown,
nrescommittee.yorkandhumber-southyorks@nhs.net

Confirmation of ethical opinion
On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the above

research on the basis described in the application form, protocol and supporting documentation
as revised, subject to the conditions specified below.

AR h Ethics C i blished by the Health Research Authority
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Ethical review of research sites
NHS sites

The favourable opinion applies to all NHS sites taking part in the study, subject to management
permission being obtained from the NHS/HSC R&D office prior to the start of the study (see
"Conditions of the favourable opinion" below).

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of the
study.

* Amend the "gifting" statement in point 4 in the Consent Form to: "I confirm | am providing
my joint tissues and joint fluid as a gift for this research and agree for them to be stored
and used in future ethically approved musculoskeletal research".

¢ Amend the version number and date of the consent form.

You should notify the REC in writing once all conditions have been met (except for site
approvals from host organisations) and provide copies of any revised documentation with
updated version numbers. The REC will acknowledge receipt and provide a final list of the
approved documentation for the study, which can be made available to host organisations
to facilitate their permission for the study. Failure to provide the final versions to the REC
may cause delay in obtaining permissions.

Management permission or approval must be obtained from each host organisation prior to the
start of the study at the site concerned.

Management permission ("R&D approval”) should be sought from all NHS organisations involved
in the study in accordance with NHS research governance arrangements.

Guidance on applying for NHS permission for research is available in the Integrated Research
Application System or at http://www.rdforum.nhs.uk.

Where a NHS organisation’s role in the study is limited to identifying and referring potential
participants to research sites ("participant identification centre”), guidance should be sought from
the R&D office on the information it requires to give permission for this activity.

For non-NHS sites, site management permission should be obtained in accordance with the
procedures of the relevant host organisation.

Sponsors are not required to notify the Committee of approvals from host organisations

Registration of Clinical Trials

All clinical trials (defined as the first four categories on the IRAS filter page) must be registered on
a publically accessible database within 6 weeks of recruitment of the first participant (for medical
device studies, within the timeline determined by the current registration and publication trees).

A Research Ethics Committee established by the Health Research Authority
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There is no requirement to separately notify the REC but you should do so at the earliest
opportunity e.g when submitting an amendment. We will audit the registration details as part of
the annual progress reporting process.

To ensure transparency in research, we strongly recommend that all research is registered but for
non clinical trials this is not currently mandatory.

If a sponsor wishes to contest the need for registration they should contact Catherine Blewett
(catherineblewett@nhs.net), the HRA does not, however, expect exceptions to be made.
Guidance on where to register is provided within IRAS.

It is the responsibility of the sponsor to ensure that all the conditions are complied with
before the start of the study or its initiation at a particular site (as applicable).

Approved documents

The final list of documents reviewed and approved by the Committee is as follows:

Document Version Date

Covering Letter Email from Thomas Baboolal |11 April 2014

Evidence of insurance or indemnity Henderson Insurance 19 September 2013
Brokers

Investigator CV CV for Dennis McGonagle

Other: Letter of Support from Dr Nicholas London 06 November 2013

Other: Correspondence with MHRA 04 April 2014

Other: Amendments to REC IRAS Form

Participant Consent Form Version 1.1 08 April 2014

Participant Information Sheet: Arthroscopy Version 1.1 08 April 2014

Participant Information Sheet: Open Knee Surgery |Version 1.1 08 April 2014

Protocol Version 1.0 03 March 2014

REC application IRAS 3.5 11 March 2014

Response to Request for Further Information 11 April 2014

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for Research
Ethics Committees and complies fully with the Standard Operating Procedures for Research
Ethics Committees in the UK.

After ethical review

Reporting requirements

The attached document “After ethical review — guidance for researchers” gives detailed guidance
on reporting requirements for studies with a favourable opinion, including:

A Research Ethics Committee established by the Health Research Authority
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Notifying substantial amendments

Adding new sites and investigators
Notification of serious breaches of the protocol
Progress and safety reports

Notifying the end of the study

The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

Feedback

You are invited to give your view of the service that you have received from the National Research
Ethics Service and the application procedure. |f you wish to make your views known please use
the feedback form available on the website.

Further information is available at National Research Ethics Service website > After Review

[ 14/YH/0087 Please quote this number on all correspondence

We are pleased to welcome researchers and R & D staff at our NRES committee members’
training days — see details at http://www.hra.nhs.uk/hra-training/

With the Committee’s best wishes for the success of this project.
Yours sincerely

pp

Dr lan Woollands

Chair

Email: nrescommittee.yorkandhumber-southyorks@nhs.net

Enclosures: “After ethical review — guidance for researchers”

Copy to: Clare E Skinner, Faculty of Medicine and Health Research
Ms Anne Gowing, The Leeds Teaching Hospitals NHS Trust

A Research Ethics Committee established by the Health Research Authority
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Figure B. 1 Flow cytometry dot plots showing fluorescence minus one (FMO) controls.
The left panel displays fully stained PBMCs, while the right panel shows the FMO control
for each antibody-dye conjugate: A) CD3/19 B) HLA-DR C) CD14 D) CD1c E) CD123 F)
CD 141 E) CD163.
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Figure B. 2 Flow cytometry dot plots for CD86 expression where A) is the bead control
where the purple and red indicate the positive and negative controls respectively. B)
shows CD86 expression on MoDCs for Donor 1 pre LPS, after LPS and after HKST
stimulations and C) shows CD86 expression on MoDCs for Donor 2 pre LPS, after LPS
and after HKST stimulations. While donor 1 shows an obvious increase in % of cells
positive for CD86 after stimulation, the increase in expression for donor 2 is less obvious
by % positive, as they already had high expression pre stimulation.
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Figure B. 3 Bar graphs showing raw A) IL-23 and B) IL-10 production by MoDCs when
stimulated with LPS or LPS plus various G5-EGx-Glycans/free ligands. Cytokines were
measured by ELISA.
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Figure B. 4 Line graph showing raw A) IL-23 and B) IL-10 production by MoDCs when
stimulated with LPS or LPS plus various G5-EGx-Glycans/free ligands. Cytokines were
measured by ELISA. The lines connect donor matched samples to highlight there is no
particular pattern to cytokine production.
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Figure B. 5 Flow cytometry dot plots for three different donors showing live/dead cells
after LPS stimulation(red) or LPS+50 mM dimannoseN3(green). Azido dimannose did
not impact cell viability(no increase in fluoresce).
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Figure B. 6 Bar graphs showing raw A) IL-23 and B) IL-10 production by MoDCs when
stimulated with HKST or HKST plus various G5-EGx-Glycans/free ligands. Cytokines
were measured by ELISA.
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Figure B. 7 Bar graphs showing raw A) IL-23 and B) IL-10 production by MoDCs when
stimulated with PAM2CSK4 or PAM2CSK4 plus various G5-EGx-Glycans/free ligands.

Cytokines were measured by ELISA.
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Figure B. 8 Bar graphs showing raw A) IL-23 and B) IL-10 production by MoDCs when
stimulated with PAM3CSK4 or PAM3CSK4 plus various G5-EGx-Glycans/free ligands.

Cytokines were measured by ELISA.
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Figure B. 9 Flow cytometry dot plots showing T cell proliferation (pink gate indicating the
% proliferated) with either LPS or LPS+G5-OH for three different donors. No decrease
in proliferation was observed in any case.
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Figure B. 11 Volume population hydrodynamic size distribution histograms fitted with a
Gaussian distribution curve for A) G27-cirate, B) G27-BSPP, C) G27-EGs-dimannose,
D) G27-EGe-fucose, E) G5-EGs-OH. (Dy, values given as xc + 2FWHM).
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Figure B. 12 VVolume population hydrodynamic size distribution histograms fitted with a
Gaussian distribution curve for the binding of 25 nM DC-SIGN with 1 nM of A) G27-EGe-
dimannose, B) G27-EGe-fucose, C) G5-EGs-OH with DC-SIGN (Dn, values given as xc +

s FWHM).
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Figure B. 13 Volume population hydrodynamic size distribution histograms fitted with a
Gaussian  distribution curve for A) G27-dimannose:SF(5:1), B) G27-
dimannose:SF(10:1), C) G27-dimannose:SF(20:1), D) G27-fucose:SF(5:1), E) G27-
fucose:SF(10:1), F) G27-fucose:SF(20:1), G) G27-OH:SF(5:1). Dn values given as xc
Y2 FWHM.



271

A) B) Q)
. G27-dimannose: SF (5:1)  |G27-dimannose:SF(10:1) G27-dimannose: SF(20:1)
2 {PGR 25:1 PGR 251 2 {PGR 25:1

.- |Pn=81.1220.50m =D, =846+225nm |p,=845+21.40m

RZ= 0929 R2=0.924 R2= 0933

\blume (%)
\blume (%)
\blume (%)

o
1 10 1o 1000 c‘ 10 1 1000 01 10 1m0 1000
Hydrodynamic Sze {nm) Hydrodynamic Sze {nm) Hydrodynamic Sze {nm)
D) E) F)
) G27-fucose:SF(5:1) = G27-fucose:SF(10:1) = G27-fucose:SF(20:1)
#®1PGR 25:1 PGR 25:1 PGR 25:1
. |p.=15092465m "o, = 15312450 nm “10, = 1556 254.8 nm
£ [|r?=0982 £ [rR?=0983 £ |R?=0.965
E . g 10 g 10
3 2 2
o -] o
1 10 100 1000 1 10 1 1000 1 10 1 1000
Hydrodynamic Sze (nm) Hydrodynamic Sze {nm) Hydrodynamic Size {nm)
G)
*1627-0H:SF (5:1)
PGR 25:1
*1D,=265+95nm
g R?=0.941
g1
3
2
-]
1 10 100 1000
Hydrodynamic Sze (nm)

Figure B. 14 VVolume population hydrodynamic size distribution histograms fitted with a
Gaussian distribution curve for 25 nM DC-SIGN binding with 1nM of A) G27-
dimannose:SF(5:1), B) G27-dimannose:SF(10:1), C) G27-dimannose:SF(20:1), D) G27-
fucose:SF(5:1), E) G27-fucose:SF(10:1), F) G27-fucose:SF(20:1), G) G27-OH:SF(5:1).
Dy, values given as xc + /2 FWHM.
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Figure B. 15 The fluoresence intensity spretcrum of the supernatant of DC-SIGN-
atto643(25 nM) before and after a 24 hour incubation with G27-OH:SF(5:1) (1nM).



272

DC-SIGN|25-607 back to list
| Protein Coverage | Supporting Peptides | Best Unique PSM |
Protein Coverage:
>5pIOC-SIGNI25-607
1 B Cabamidomethylation (+57.02)
100 Oxidation (M) (+15.99)
I Acetyiation (Protein N-temm) (+4201)

KAAVGELPEK

LK AAVGELPEKS KQQEIYQELT

161 RLKAAVGELP E

w

QYWNRGEPNN VGEEDCAEFS GNGWNDDKCN uxm
—

Peptide nia|-10igP|  Mass |Length|ppm | m/z |x| R | LG | (/M0 | Precumor ”:' et
K.SAEEQNFLQLQSSR.S Y |122.74|1635.7852| 14 | 299 | 818.9023 |2/|25.89| 1.0203 | 1.043 7443 4.5¢5 7 7 236 | 249
AXVPSSISQEQSR.Q Y | 119.8 [1415.7368| 13 | 3.23 | 4729211 |3|11.64| 0.739 | 0.7622 1369 2.21e5 9 9 1
R.DEEQFLSPAPATPNPPPA Y |11258|1876.8843| 18 | 338 | 9394526 |2/24.52| 1.1218 | 1.1444 6648 2.3e5 20 20 327 | 344
R {457, X.S Y |106.97|2267.1732| 20 |0.83 | 756.7323 |3|30.16| 0.9088 | 0.9317 9365 1.19e4 2 2 216 | 235
K.SKLQEIYQELTWLK.A Y | 9567 |1777.9614| 14 | 2.19 | 889.9899 |2|34.93| 1.111 |1.1336| 11295 2,594 3 3 81 | 94
K.SKLQEIYQELTQLK.A Y | 9356 [1719.9407| 14 | 4.74 | 860.9817 |2|34.40| 1.102 | 1.1246 | 11224 2.04eS 2 2 35 |48
K.SKQQEIVQELTQULX.A Y | 93.42 [1734.9152| 14 4.47 | B68.4688 |2|27.48| 1.0992 | 1.1218 7903 9.73e4 4 4 173 | 186
K.SKQQEIVQELTR.L Y | 92.21 [1520.7787| 12 | 2.86 7615988 |2/21.15| 1.0084 | 1.0312 4637 2.53e5 19 19 127 |138
KAVGELPEKSK.L Y | 88.05 [1127.6186| 11 |-0.08| 564.8165 |2|12.44| 0.9097 | 0.9326 1539 6.93eS 20 20 49 | 59
R.QOAIYQNLTQLK.A Y | 87.52 14337514 12 0.52 | 717.8834 |2/24.02| 1.0002 | 1.023 6371 1.2¢5 1 1 1425
K.SKMQEIYQELTR.L Y | 86,65 |1524.7606 | 12 1.27 | 763.3885 |2/30.07| 0.9875 | 1.0103 9291 2.95¢4 3 3 104 | 115
K.SKLQEIYQELTR.L Y | 86.03 |1506.8042| 12 | 4.61 | 754.4128 |2|32.00| 1.0166 | 1.0394 | 10135 1.29eS 6 6 S8 | 69
RNWHDSITAC(+57.02)K.€ Y | 85.14 [1230.5451| 10 | 0.59 | 616.2802 |2|16.21| 0.8886 | 0.911S | 2743 9.39e4 3 3 216 | 225
K.QQEIYQELTQLK.A Y | 83.25 |1519.7882| 12 111 | 760.9022 |2/26.29| 1.043 | 1.0657 7507 3775 7 7 175 | 186
K. VPSSISQEQSR.Q Y | 81.94 |1216.6048| 11 |-0.35 609.3094 |2/10.73) 0.9015 | 0.9244 1208 6.03e4 2 2 3 9
A(+42.01)KVPSSISQEQSR.Q Y | 81.38 |1457.7474| 13 1.93 | 729.8824 |2/14.21| 0.9884 | 1.0112 2406 2.61e2 1 1 113
K.SAASC(+57.02)SROECQILSPAPATPNPPPA Y | 81.25 |2596.1863| 25 | 3.87 | 866.4061 |3/22.03| 0.9491 | 0.9719 5292 981e4 8 8 320 | 344
K AAVGELSEXSK.L Y | 80.7 |1117.5979| 11 1.1 | 559.8068 |2/11.13| 0.8886 | 0.9115 1302 4.68e3 1 1 26 | 36
K.EVGAQLWIK.S Y | 79.44 |1054.6386| 10 |-0.77| 528,3262 |2|22.89| 0.8362 | 0.8592 5817 2.21e5 6 6 226 | 235
KLQEIYQELTWLK.A Y | 79.32 |1562.8344| 12 1.42 | 782.4256 |2|32.20| 1.0466 | 1.0693 | 10152 6.63eS 4 4 83 | %4
QUKAAVGELPEK.S Y | 7851 [1153.6706| 11 |-0.74| 577.8422 |2|16.66| 0.907 | 0.9299 3008 1.37e6 7 7 47 | 57
K.LQEIYQELTQLK.A Y | 76.24 [1504.8137| 12 | 1.38 | 753.4152 |2|29.06 1.0475 | 1.0702 | 8583 4.94¢5 4 4 37 |48
K. SKM(+15.99)QEIVQELTR.L Y | 74.14 |1540.7555| 12 3.76 | 7713879 |2|27.36| 1.0084 | 1.0312 8056 2.3%3 4 4 104 [ 115
RFTWMGLSDLNQEGTWQWVDGSPLLPSFK.Q Y | 69.27 [3238.5433| 28 1.26 [1080.52313|35.84| 1.0575 | 1.0802 | 11755 2.79¢2 1 1 253 | 280
K.MQEIYQELTR.L Y | 6669 |1309.6336| 10 | 0.66 | 6558245 |2|22.19| 0.9646 | 0.9875 5335 4.88¢5 4 4 106 | 115
K.AAVGELPEK.S Y | 58.64 | 912.4916 9 2.75 | 457.2543 | 2|14.71] 0.7863 | 0.8094 2320 6.36e5 17 17 49 |57
K.QQEIYQELTR.L Y | 54.72 |1306.6517 10 | -0.2 | 654.333 |2|19.92| 0.9646 | 0.9875 3965 7.79¢5 3 3 129 |138
K.AAVGELSEK.S Y | 54.03 | 902.4709 9 4.71 | 452.2448 | 2/12.69| 0.7455 | 0.7687 1861 3.79¢5 2 2 26 | M
K.QQEIYQELTQUKAAVER.L Y | 53.93 |2046.0745| 17 |-7.27|683.0272 |3|30.68| 0.9216 | 0.9445 | 9691 o o o 175 | 191
RFTWM(+15.99)GLSOINQEGTWQWVDGSPLLPSIK.Q| ¥ | 53.57 |3254.5382| 28 |14.78/1085.8694 3|35.31) 1.0603 | 1.0829 | 11432 o o o 253 (280
K.LQEIYQELTR.L Y | 5242 [1291.6772| 10 |-0.17 | 646,8458 '2/23.06| 0.9692 | 0.992 5755 6.57¢5 3 3 60 | 69
K.M(+15.99)QEIYQELTR.L Y | 51.22 |1325.6285| 10 | 3.75 | 663.824 $2/21.02| 0.9656 | 0.9884 4593 7.45¢5 8 8 106 |115
K.FWIC(+57.02)KK.S Y | 29.01 | 880.4629 6 +1.72| 441.238 |2/20.64| 0.7752 | 0.7983 4597 1.03e5 3 3 314 (319
K.VPSSISQEQSRQDAIYQNLTQLK.A Y | 24.85 |2632.3456| 23 | 3.33 | 878.4587 ' 3|26.39| 0.9646 | 0.9875 7604 3.02¢2 1 1 3 |25
K.SAASC(+57.02)SR.D Y | 19.01 | 737.3126 7 7.4 | 369.6663 (2| 8.40 | 0.7102 | 0.7335 900 o o o 320 (326
K.KSAASC(+57.02)SR.D Y | 18.98 | 865.4076 8 4.55 | 433.713 (2| 8.50 | 0.7669 | 0.79 926 o o o 319 |326
total 36 peptides

Figure B. 16 Peptide ID list and amino acid sequence coverage observed for a sample
of DC-SIGN digested with trypsin, analysed by LC-MS/MS. Grey highlight indicates
identified peptides.
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back to lis

M Acetylation (Protein N-term) (+42.01)
B Carbamidomethylation (+57.02)
[0 Oxidation (M) (+15.99)

Peptide Uniq|-10IgP Mass |Length|ppm m/z |z| RT ;{:: "E/“k: Pra«l:l:,mr s"A“":I.ez #Feature :::::I:r; Start|End PTM
K.SAEEQNFLQLQSSR.S Y |119.02|1635.7852| 14 |1.21818.899 [2[10.27] 1.0334 | 1.0562 | 3923 1.7e5 4 4 236 | 249
R.DEEQFLSPAPATPNPPPA Y |106.67|1876.8843| 18 |1.94 |939.449 [2[12.23 1.1205 | 1.1431 | 5257 1.09e5 20 20 327 |344
R.QDAIYQNLTQLK.A Y | 97.18 |1433.7514| 12 |-1.32|717.8804|2|10.64| 0.9551 | 0.9779 | 4596 1.95¢5 2 2 14 |25
K.QQEIYQELTQLK.A Y | 96.27 [1519.7882| 12 | 1.35|760.9006|2|11.30| 1.0334 | 1.0562 | 5010 5.1e4 3 3 175 [ 186
AKVPSSISQEQSR.Q Y | 9417 [1415.7368| 13 |2.46 [472.9196(3| 6.42 | 0.7343 | 07575 | 977 1.24e5 6 6 1|13
K.VPSSISQEQSR.Q Y | 89.62 [1216.6048| 11 |-0.42|609.308 2| 6.09 | 0.8818 | 0.9048 | 917 1.06e5 7 7 3 |13
K.LQEIYQELTQLK.A Y | 89.41 [1504.8137| 12 |1.93|753.4138(2(12.19| 1.0216 | 1.0444 | 5667 3.84e4 1 1 37 |48
R.NWHDSITAC(+57.02)K.E Y | 85.63 [1230.5451| 10 |0.54 [616.2787|2| 8.10 | 0.8828 | 0.9057 | 1940 4.03e4 3 3 216 |225| Carbamidomethylation
QLKAAVGELPEK.S Y | 80.38 [1153.6706| 11 |0.32 [577.8414|2| 8.70 | 0.8956 | 0.9185 | 2597 1.12e5 4 4 47 |57
K.SAASC(+57.02)SRDEEQFLSPAPATPNPPPA| Y | 78.83 [2596.1863| 25 | 1.75 |866.4022|3|10.24| 0.9222 | 0.945 | 4350 6.36e3 1 1 320 |344| Carbamidomethylation
K.MQEIYQELTR.L Y | 75.55 [1309.6336| 10 |1.97 [655.8239|2|10.49| 0.956 |0.9788 | 3924 2e5 1 1 106 [ 115
K.LQEIYQELTWLK.A Y | 73.00 [1562.8344| 12 | 1.8 |782.4241|2|13.65| 1.038 | 1.0607 | 6472 1.09€3 1 1 83 |94
K.EVGAQLWIK.S Y | 72.92 |1054.6386| 10 |-0.99|528.3248|2|10.20| 0.8405 | 0.8635 | 4186 2.25e5 3 3 226 |235
K.LQEIYQELTR.L Y | 72.24 [1201.6772| 10 | 0.46 |646.8447|2|10.30| 0.9478 | 0.9706 | 4154 2.55e5 2 2 60 |69
K.AAVGELPEKSK.L Y | 7215 [1127.6186| 11 |2.36 [s64.8166|2| 6.39 | 0.9048 | 0.9277 | 1014 9.05e2 1 1 49 |59
K.QQEIYQELTR.L Y | 70.92 [1306.6517| 10 |4.57 |654.3346|2| 9.18 | 0.9542 | 0.977 | 3192 1.72¢3 4 4 129 [138
K.AAVGELPEK.S Y | 64.51 |912.4916 | o |-2.41|457.2509|2| 7.50 | 0.7916 | 0.8147 | 2026 1.54¢6 4 4 49 |57
K.AAVGELSEK.S Y | 63.7 9024709 | o |-1.14|452.2411|2| 6.92 | 0.7676 | 0.7907 | 1344 1.79€3 3 3 26 |34
K.M(+15.99)QEIYQELTR L Y | 6141 [1325.6285| 10 |1.48|663.821 |2]9.71| 0.9752 | 0.998 | 3303 1.6e5 4 4 106 [115 Oxidation (M)
K.SKQQEIYQELTR.L Y | 57.6 |1521.7787| 12 |-5.88|761.8904|2| 9.36 | 1.0034 | 1.0262 | 3418 0 0 0 127 [138
A(+42.01)KVPSSISQEQSR.Q v | 49.87 |1457.7474| 13 |2.17[729.8809(2| 7.33 | 0.9688 | 0.9916 | 1745 0 0 0 1|13 ‘““'a"fe""(“")m‘e‘" N-
K.FWIC(+57.02)KK.S Y | 3218 | 8804629 | 6 |5.54|441.2401|2|8.78 | 0.7695 | 0.7926 | 2847 0 0 0 314 |319| Carbamidomethylation

total 22 peptides

Figure B. 17 peptide ID list and amino acid sequence coverage for DC-SIGN treated
with G27-fucose:SF(5:1) then trypsin digested using the on-GNP technique, analysed by
LC-MS/MS. Grey highlight indicates identified peptides.
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AASCSRDEEQ FLSPAPATPN PPPA

Supporting Peptides:

W Acetylation (Protein N-term) (+42.01)
€ Carbamidomethylation (+57.02)
O Oxidation (M) (+15.99)

Peptide Uniq|-10lgP| Mass |Length| ppm | m/z |z| RT [1/kO Start|1/k0 End |Precursor ID|Area Sample 1|#Feature | #Feature Sample 1|Start|End
K.SAEEQNFLQLQSSR.S Y [131.98[1635.7852| 14 | 2.32 |818.89842(|10.25| 1.0271 | 1.0498 4562 1.55e5 3 3 236 | 249
R.DEEQFLSPAPATPNPPPA Y [116.62(1876.8843| 18 | 1.06 |939.4465|2|11.32| 1.1051 | 1.1277 6114 1.1e5 28 28 327 | 344
R.QDAIYQNLTQLK.A v | 113.6 [1433.7514| 12 |-2.11 [717.8785|2(10.68| 1.0007 | 1.0234 5360 1.58e5 4 4 14 | 25
AKVPSSISQEQSR.Q v [108.73[1415.7368| 13 | 4.25 [472.9196|3|6.49 | 0.7371 | 0.7602 1249 1.11e5 6 6 1|13
K.QQEIYQELTQLK.A Y [104.26(1519.7882| 12 | 3.76 |760.5011|2|11.30| 1.0353 1.058 5937 6.66e4 2 2 175 | 186
K.VPSSISQEQSR.Q Y [102.24[1216.6048| 11 |-1.28 [609.3063|2| 6.18 | 0.8855 | 0.9084 1132 9.12e4 5 B 3 [13
K.LQEIYQELTQLK.A Y [97.63 [1504.8137| 12 | 4.02 | 753.414 [2|12.24| 1.0225 | 1.0453 6723 3.51e4 3 3 37 |48
R.NWHDSITAC(+57.02)K.E Y | 94.14 [1230.5451| 10 | 0.01 [616.2773[2|8.20 | 0.8846 | 0.9075 2320 5.72e4 5 5 216 | 225
K.SAASC(+57.02)SRDEEQFLSPAPATPNPPPA| Y | 92.83 [2596.1863| 25 | 1.63 [866.4005|3(10.13| 0.9533 | 0.9761 4808 7.16e3 3 3 320 [ 344
Q.LKAAVGELPEK.S Y |87.26 [1153.6706]| 11 | 0.69 |577.8406|2|9.89 | 0.902 0.9249 6479 9.37e4 4 4 47 | 57
K.MQEIYQELTR.L Y |[83.16 [1309.6336| 10 | 2.05 |655.8227|2|10.40| 0.956 0.9788 4592 1.62e5 3 3 106 |115
K.LQEIYQELTWLK.A Y [80.74 [1562.8344| 12 | 2.79 |782.4234|2|13.63| 1.0025 | 1.0253 7684 1.88e3 2 2 83 [ 94
K.EVGAQLVVIK.S Y |80.54 [1054.6386| 10 |-0.41 [528.3242|2|10.34| 0.8534 | 0.8763 4905 2.26e5 4 4 226 | 235
K.LQEIYQELTR.L v |[78.15 [1291.6772| 10 | 0.85 |646.8438|2|10.34| 0.9478 | 0.5706 4842 2.07e5 4 4 60 | 69
K.AAVGELPEKSK.L Y |[75.92 [1127.6186| 11 |-0.66 |564.8138|2|6.46 | 0.9048 | 0.9277 1281 5.79¢2 1 1 49 | 59
K.QQEIYQELTR.L Y |75.38 [1306.6517| 10 | 0.06 |654.3304[2|9.59 | 0.9313 | 0.9542 3793 3.73e5 4 4 129 |138
K.M(+15.99)QEIYQELTR.L Y [ 75.12 [1325.6285| 10 | 2.13 |663.8202|2|9.74 | 0.9597 | 0.9825 4152 1.36e5 1 1 106 |115
K.AAVGELSEK.S Y | 72.15 [ 902.4709 | 9 1.19 [452.2414(2(7.21 | 0.7695 | 0.7926 1401 3.5e5 6 6 26 | 34
K.AAVGELPEK.S Y |70.79 [ 9124916 | 9 -4.1 |457.2493(2[7.79 | 0.7796 | 0.8027 2404 5.46e4 1 1 a9 | 57
A(+42.01)KVPSSISQEQSR.Q Y |69.41 [1457.7474| 13 |-2.01 |729.8765|2| 7.49 | 0.9706 | 0.9934 2144 0 0 0 1|13
K.SKQQEIYQELTR.L Y |[64.12 [1521.7787| 12 | 7.28 | 761.899 [2]|9.20 | 0.9952 1.018 3784 0 0 0 127 |138
K.SAEEQNFLQLQSSRSNR.F Y |[37.27 [1992.9613| 17 |11.57 [997.4953|2|10.00| 1.1376 | 1.1602 4658 0 0 0 236 | 252
K.SKM(+15.99)QEIYQELTR.L Y |[37.26 [1540.7555| 12 |-11.79|771.3727|2| 9.67 | 1.0153 1.038 4286 0 0 [ 104 |115
K.FWIC(+57.02)KK.5 Yy |26.76 |880.4629 | 6 |-12.78(441.2313|2|9.44 | 0.7778 | 0.8009 4092 0 0 0 314 [319

total 24 peptides

Figure B. 18 peptide ID list and amino acid
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sequence coverage for DC-SIGN treated
with G27-dimannose:SF(5:1) then trypsin digested using the on-GNP technique,
analysed by LC-MS/MS. Grey highlight indicates identified peptides.
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Figure B. 19 The fluoresence intensity spretcrum of A) The supernatants of DC-SIGN
(25 nM)+G27-dimannose:SF(5:1) after an initial incubation(F1), after incubating the
pellet with 50mM mannose (F2) and after incubating the pellet with etching solution(F3),
and B) the combined fluorescence intensity of F1, F2 and F3 showing complete
fluorescence recvoery when compared to the DC-SIGN control indicating complete DC-
SIGN displacement form the GNP surface.
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