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ABSTRACT 

 

Receptor glycosylation is critical in receptor-ligand interactions in immune cells, but the exact 

role of glycosylation in receptor activation upon ligand binding has not been elucidated. In 

neuronal cells, we have shown that when neurotrophic factors bind their respective Trk tyrosine 

kinase receptors, receptor activation and subsequent neurotrophin-mediated signaling is 

dependent upon the induction and activity of an endogenous sialidase enzyme. In this thesis, we 

report that toll-like receptor (TLR) activation upon ligand binding is similarly dependent on the 

induction of a cellular sialidase, which we have identified as Neu1 sialidase, which specifically 

targets and hydrolyses -2,3-linked sialic acid residues on the receptor. Blocking Neu1 sialidase 

activity with specific inhibitor Tamiflu detrimentally impacts ligand-induced TLR4/MyD88 

interaction, NF B activation and TLR-mediated effector responses like nitric oxide and pro-

inflammatory cytokine production. Diminished cytokine production is also seen in vivo in Neu1-

deficient mice.  We propose a mechanism for the induction of Neu1 sialidase, upon ligand 

binding to TLR, that involves the activation of heterotrimeric G  protein-dependent G-protein 

coupled receptor (GPCR) signaling to activate a matrix metalloproteinase (MMP) enzyme, likely 

MMP-9. It is suggested that MMP-(9) targets the cell surface elastin receptor complex of 

Neu1/protective protein cathepsinA/elastin binding protein (EBP), which potentially catalytically 

activates Neu1. In addition, we report an association between Neu1 and TLR2, TLR3 and TLR4 

on the plasma membrane that has not previously been described. The idea that the multiple 

functionality and diversity of TLRs and TLR-mediated signaling may be an immunologic 

paradigm capable of explaining all human disease is provocative but plausible. Certainly, the 

structural integrity of TLRs, their ligand interactions and activation are essential for 

immunological protection. Thus, understanding the molecular mechanism of Neu1 sialidase 
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regulation of TLR activation will provide important opportunities for disease control through 

TLR manipulation. The future directions of this research will also open a new area of 

glycobiology research (the glycomics of innate immune responses) and will widen the scope for 

the development of novel therapeutic drugs to combat infections and inflammatory diseases. 

 

  



iv 

 

CO-AUTHORSHIP 

 

 

CHAPTER 3 

Myron R. Szewczuk and Schammim Ray Amith wrote the paper, designed and performed 

experiments; Preethi Jayanth performed the WB and EMSA blots; Sarah Siddiqui performed the 

NO experiments; Volkan Seyrantepe generated Neu1-deficient, Neu1-CathA, Neu4 KO mice; 

Katrina Gee, Sameh Basta, Rudi Beyaert and Alexey V. Pshezetsky helped with experiments and 

writing the paper; Myron R. Szewczuk supervised the research design and the writing of the 

paper. 

  



v 

 

 

ACKNOWLEDGEMENTS 

 

 
This thesis represents the achievement of a long-time goal in my academic journey from an 

undergraduate concentration in biology, to a master’s degree in wildlife nutrition, to my present 

focus on the immunology of toll-like receptors. Along the way, there have been many detours 

taken, obstacles overcome, and doubts debunked. There have been many joys and few regrets, so 

I remain optimistic for the future, and prepare to leave with a love for research and an abiding 

interest in the study of innate immunity. Walking this path, however, would never have been 

possible without the unequivocal support and encouragement of my parents, my family, my 

professors and my friends.  

 

I would like to thank Dr. Myron Szewczuk for his advice and guidance through the work 

presented here. His patience, encouragement, teaching, and research acumen are appreciated 

beyond measure. I extend my gratitude to my supervisory committee members: Dr. David 

Lillicrap for his support and constructive criticism; Dr. Sam Basta for enthusiastic discussions on 

immunology and for keeping me grounded, and to Dr. Katrina Gee for her insightful assistance, 

her mentorship, and her chocolate. Collaboration is the key to success in science and this work 

would have been impossible without the partnership and expertise of Dr. Rudi Beyaert, Dr. 

Alexey Pshezhetsky and Dr. Volkan Seyrantepe. Many thanks also to my external examiner, Dr. 

Alexander Hinek. To my teachers and professors, including Dr. Jim Atkinson, Dr. Barry 

Loughton, Dr. Larry Licht and Marina Fernandes: I am where I am in my career because you 

believed in me. 

 



vi 

 

I gladly acknowledge the Department of Microbiology and Immunology and the School of 

Graduate Studies for the graduate and research awards and fellowships that have helped fund my 

doctoral studies and assisted with conference travel and doctoral field studies, in addition to the 

Ontario Graduate Scholarship. I am also appreciative of the academic, administrative and 

technical support from the Department of Microbiology and Immunology.  

 

My doctoral experience has been incomparable in terms of friendship and motivation from the 

other graduate students in the department, both past and present. To Preethi Jayanth – there are no 

words to express my gratitude. Your friendship, unwavering support, and collaborative efforts in 

this work are invaluable, as is your expertise in all things related to molecular biology. To Trisha 

Finlay – thanks for creating your monster and always keeping things interesting in the lab. Very 

special thanks to Sarah Siddiqui for her contribution to this work. For their moral, intellectual 

and/or technical support during my studies at Queen’s and my life in Kingston, I am indebted to 

those mentioned above and: Ila Che Mat, Christina Guzzo, Tara Spence, Attiya Alatery, Dr. 

Shahrul Bariyah, Dr. Mohammed Qadura and Dr. Simon Weli. There exists a very special 

camaraderie amongst the immunologists in the department and I doubt I will ever experience the 

like elsewhere. To them, I say: thanks for bringing a touch of pink into our research and for 

keeping the laughter in our academic life. 

 

I am immensely grateful to God for blessing me with the strength and inclination to do my 

doctoral degree. To my parents, Faarsi and Suhara Amith, for all the sacrifices they have made, 

and continue to make, I wholeheartedly thank them. Without them I would not be able to pursue 

my dreams. This thesis is dedicated to them. 

 



vii 

 

TABLE OF CONTENTS 

 

Abstract ............................................................................................................................................ ii 

Co-Authorship ................................................................................................................................ iv 

Acknowledgements .......................................................................................................................... v 

Table of Contents ........................................................................................................................... vii 

List of Figures ................................................................................................................................. xi 

List of Abbreviations ..................................................................................................................... xv 

 

CHAPTER 1: The role of glycosylation in toll-like receptor activation ......................................... 1 

     Toll-like receptors: sentinels of the innate immune system ........................................................ 2 

     TLR signalling abridged ............................................................................................................. 3 

     The structure of TLRs: a sweet role for TLR glycosylation? ..................................................... 5   

     Sialic acids and sialidases ........................................................................................................... 8 

     Role of glycosylation in Trk tyrosine protein kinase receptor activation ................................. 11 

     Figures ...................................................................................................................................... 14 

 

      

CHAPTER 2: The effects of neuraminidase inhibitors on ligand-induced cellular sialidase activity 

and cell function in Trk receptor-expressing cells and primary neurons ....................................... 23 

     Abstract ..................................................................................................................................... 24 

     Introduction ............................................................................................................................... 25 

     Materials and Methods .............................................................................................................. 29 

          Cell lines .............................................................................................................................. 29 

          Primary cortical neurons ...................................................................................................... 29 

          Neurotrophic growth factors and neuraminidase inhibitors ................................................. 30 

          The sialidase assay ............................................................................................................... 30 

          Inhibition of Trk phosphorylation in primary cortical neurons by Tamiflu ......................... 31    

          Flow cytometry .................................................................................................................... 31 

          Western blot ......................................................................................................................... 32 

          NGF-induced sialidase activity in cell suspensions of TrkA-PC12 cells ............................ 33 



viii 

 

          Scoring of neurite outgrowth ............................................................................................... 33 

          Cell viability in response to oxidative stress ........................................................................ 33 

          Statistics ............................................................................................................................... 34 

     Results ....................................................................................................................................... 35 

          Detecting ligand-induced cellular sialidase activity in live cells ......................................... 35 

          Primary cortical neurons express membrane sialidase activity ............................................ 36 

          The effects of neuraminidase inhibitors on NGF-induced pTrk and TrkA activation ......... 37 

          Tamiflu inhibits NGF- and BDNF-mediated cell differentiation and survival .................... 39 

     Discussion ................................................................................................................................. 40 

     Figures ...................................................................................................................................... 45 

 

CHAPTER 3: Pathogen molecule-induced toll-like receptor activation and cell function are 

regulated by Neu1 sialidase ........................................................................................................... 58 

     Abstract ..................................................................................................................................... 59 

     Introduction ............................................................................................................................... 60 

     Materials and Methods .............................................................................................................. 63 

          Cell lines .............................................................................................................................. 63 

          TLR ligands ......................................................................................................................... 63 

          Primary mouse bone marrow macrophage cells .................................................................. 64 

          Sialidase actvity in live cells ................................................................................................ 64 

          Immunocytochemistry of NF B .......................................................................................... 65 

          Nuclear extracts and electrophoretic mobility shift assay (EMSA) ..................................... 65 

          Neu1 colocalization with TLR4 ........................................................................................... 66 

          Western blots and co-immunoprecipitation ......................................................................... 67 

          Flow cytometry .................................................................................................................... 68 

          Nitric oxide assay ................................................................................................................. 68 

          Cytokine array profiling and ELISA .................................................................................... 69 

          Statistics ............................................................................................................................... 69 

     Results ....................................................................................................................................... 70 

          Ligand binding to TLR induces membrane sialidase activity .............................................. 70 

          Specificity of TLR ligand-induced membrane sialidase activity ......................................... 71 

          Tamiflu blocks TLR ligand-induced NF Bp65 activation .................................................. 71 



ix 

 

          TLR ligand-induced sialidase targets -2,3-linked β-galactosyl residues on TLR ............. 72 

          Exogenous -2,3-sialyl specific neuraminidases induce NF B activation ......................... 73 

          Identification of Neu1 sialidase in ligand-induced TLR activation ..................................... 73 

          Removal of -2,3-sialyl residues by Neu1 is essential for TLR4-MyD88 interactions ...... 74 

          Neu1 sialidase co-immunoprecipitates with TLR2, TLR3 and TLR4 ................................. 75 

          Neu1 regulates TLR ligand-ligand induced cytokine and nitric oxide production .............. 76 

     Discussion ................................................................................................................................. 78 

     Figures ...................................................................................................................................... 83      

     Supplementary Figures ........................................................................................................... 122 

 

CHAPTER 4: The multiplex regulation of Neu1 sialidase-mediated toll-like receptor activation: 

potential roles for G protein-coupled receptors and matrix metalloproteinase ............................ 135 

     Abstract ................................................................................................................................... 136 

     Introduction ............................................................................................................................. 137 

     Materials and Methods ............................................................................................................ 143 

          Cell lines ............................................................................................................................ 143 

          Ligands and enzymes ......................................................................................................... 143 

          Inhibitors ............................................................................................................................ 144 

          Sialidase activity in viable cells - sialidase assay .............................................................. 145 

          MMP activity in viable cells - OmniMMP assay ............................................................... 145 

          Immunocytochemistry of NF B ........................................................................................ 146 

          Statistics ............................................................................................................................. 146 

     Results ..................................................................................................................................... 147 

          TLR-ligand induced sialidase activity is inhibited by K252a and suramin ....................... 148 

          LPS-induced sialidase activity is blocked by PTx and galardin ........................................ 148 

          GPCR ligands induce sialidase activity in HEK293 and TLR-expressing cells ................ 148 

          OmniMMP detection of MMP activity in response to TLR ligands .................................. 150 

          TLR ligand-induced NF Bp65 activation is inhibited by galardin and PTx ..................... 150 

          MMP-9 potentially regulates TLR ligand-induced sialidase activity ................................ 151 

     Discussion ............................................................................................................................... 153 

     Figures .................................................................................................................................... 157      

 



x 

 

CHAPTER 5: The novel interaction of blood coagulation factor VIII with TLR2 ..................... 188 

     Abstract ................................................................................................................................... 189 

     Introduction ............................................................................................................................. 195 

     Materials and Methods ............................................................................................................ 195 

          Cells  .................................................................................................................................. 195 

          Factor VIII and Von Willebrand Factor ............................................................................. 196 

          Ligands ............................................................................................................................... 196 

          Inhibitors and antibodies .................................................................................................... 196 

          Sialidase activity in viable cells - sialidase assay .............................................................. 197 

          Immunocytochemistry of NF B ........................................................................................ 197 

          Statistics ............................................................................................................................. 198 

     Results ..................................................................................................................................... 198 

          C-FVIII and H-FVIII induces sialidase activity in BMC-2 macrophages ......................... 198 

          rH-FVIII interacts with TLR2 but not TLR3 or TLR4 in TLR-expressing HEK cells ...... 199 

          rH-FVIII , but not plasma-derived VWF-FVIII, induces sialidase activity ....................... 200 

          C-FVIII and H-FVIII induces sialidase activity in human platelets .................................. 200 

          rH-FVIII induces NF Bp65 in HEK-TLR2 cells .............................................................. 200 

          C-FVIII-induced sialidase activity is inhibited by Tamiflu, K252a and suramin .............. 201 

     Discussion ............................................................................................................................... 203 

     Figures .................................................................................................................................... 208   

 

CHAPTER 6: Synopsis and perspectives .................................................................................... 233 

     The role of Neu1 sialidase in toll-like receptor activation ...................................................... 234 

     The multiplex regulation of Neu1 sialidase induction in TLR activation ............................... 236 

     The Neu1-toll-like receptor complex ...................................................................................... 239 

     Perspectives and Conclusions ................................................................................................. 241 

     Figures .................................................................................................................................... 244      

   

REFERENCES ............................................................................................................................ 249 

 

APPENDIX .................................................................................................................................. 279  

  



xi 

 

LIST OF FIGURES 

 

Figure 1.1 Pathogen-molecule pattern recognition and TLR signaling networks 

summarized 16 

Figure 1.2 Crystal structure of the Toll-like receptor 3 (TLR3) extracellular domain 

(ECD) and model of the full-length receptor 18 

Figure 1.3 The structure of sialic acids and Neu2 sialidase 20 

Figure 1.4 Experimental model of cellular sialidase-mediated Trk tyrosine kinase 

receptor activation 22 

  
 

Figure 2.1A-E NGF binding to TrkA induces sialidase activity in TrkA-PC12 cells but 

not in TrkA deficient PC12
nnr5

 cells   47 

Figure 2.2 BDNF stimulated primary cortical neurons express membrane sialidase 

activity which is blocked by Tamiflu 49 

Figure 2.3 Flow cytometry and WB analysis of Tamiflu inhibition of NGF-induced 

pTrkA expression in TrkA-PC12 cells 51 

Figure 2.4 NGF-induced sialidase activity in cell suspensions of TrkA-PC12 cells. 
53 

Figure 2.5 Tamiflu inhibits neurite outgrowth in NGF-stimulated TrkA-PC12 cells 

and BDNF-stimulated TrkB-nnr5 cells   55 

Figure 2.6 Tamiflu blocks NGF- and BDNF-mediated neuroprotection against 

oxidative stress in TrkA-PC12 (A) and TrkB-nnr5 (B) cells 57 

  
 

Figure 3.1 TLR ligands induce sialidase activity in BMC-2 macrophage cells, 

DC2.4 dendritic cells and primary bone marrow macrophage (BM Mac) 

cells from normal, wild-type (WT) mice 
85 

Figure 3.2 TLR ligand-induced sialidase activity is dependent on ligand specific 

TLR expression on cells  87 

Figure 3.3A Neuraminidase inhibitor Tamiflu blocks LPS-induced NFκB activation 

in HEK-TLR4/MD2 cells 89 

Figure 3.3B-D Western blot analyses of NFkBp65, phosphorylated NFkB (pS529) and 

IkBα in nuclear and cell lysates. (C) Electrophoretic mobility shift assay 

(EMSA) and (D) Supershift of nuclear NFκB 
91 

Figure 3.4A MAL-2 binding to sialyl a-2,3-linked ß-galactosyl residues of TLR4 

blocks LPS-induced NFkB activation in BMC-2 macrophage cells 93 

Figure 3.4B Biotinylated LPS binds to TLR4-YFP in HEK-TLR4/MD2 cells 

pretreated with MAL-2 95 



xii 

 

Figure 3.4C MAL-2 colocalizes with TLR4-YFP in HEK-TLR4/MD2 cells with an in 

frame C-terminal YFP but minimally with activated TLR4 97 

Figure 3.5 Purified recombinant T. cruzi trans-sialidase (TS) or a-2,3 sialyl 

neuraminidase (Streptoccocus pneumoniae) but not the catalytically 

inactive mutant TS∆Asp98-Glu activate NFkB in the absence of TLR 

ligand in BMC-2 macrophage cells 

99 

Figure 3.6A TLR ligands induce sialidase activity in primary mouse bone marrow 

(BM) macrophage cells but not in Neu1-deficient macrophages 101 

Figure 3.6B Tamiflu blocks LPS- and Zymosan-induced NFkB activation in primary 

BM macrophage cells from normal, wild-type (WT) mice 103 

Figure 3.6C Tamiflu blocks LPS- and Zymosan-induced NFkB activation in primary 

BM macrophage cells from CathA KI (normal Neu1 bound to inactive 

Cathepsin A) mice 
105 

Figure 3.6D Lack of LPS-, polyI:C- and Zymosan-induced NFkB activation in 

primary BM macrophage cells from Neu1-CathA KD (Neu1 deficient 

and Cathepsin A deficient) mice 
107 

Figure 3.7A-B MyD88 co-immunoprecipitates with LPS-induced TLR4 109 

Figure 3.7C-D MAL-2 blocks MyD88 colocalization with LPS-induced TLR4 111 

Figure 3.8A-C Neu1 expression on membrane of BMC-2 cells 113 

Figure 3.8D-G Neu1 co-immunoprecipitates with TLR4 115 

Figure 3.9A-B In vivo LPS induced serum cytokine production in normal, wild-type 

(WT) and Neu1-deficient mice 117 

Figure 3.9C Flow cytometry analysis of Tamiflu inhibition of LPS-induced 

expression of TNFα (16 hrs) and IL-6 (48 hrs) in human monocytic 

THP-1 cells   

119 

Figure 3.9D-E Nitrite (NO) production by dendritic cells stimulated with LPS or killed 

M. butyricum (Myco) is inhibited by Tamiflu 121 

Supp.Fig.3.1 LPS induces sialidase activity in BMC-2 macrophage cells in a dose 

dependent manner 124 

Supp.Fig.3.2 Tamiflu, but not other neuraminidase inhibitors blocks LPS-induced 

sialidase activity in BMC-2 macrophage cells in a dose dependent 

manner 

126 

Supp.Fig.3.3A Tamiflu blocks LPS-induced NFκB activation in BMC-2 cells 128 

Supp.Fig.3.3B 

Supp.Fig.3.4 

Supp.Fig.3.5 

Tamiflu blocks LPS-induced NFκB activation in DC2.4 cells 

LPS-induced sialidase activity is neutralized by anti-Neu1 antibody 

MAL-2 does not inhibit LPS-induced sialidase activity in BMC-2 cells 

130 

132 

134 

 

  
 

Figure 4.1 TLR3 ligand Poly I:C induces sialidase activity in HEK-TLR3 cells 159 

Figure 4.2 LPS-induced sialidase activity in HEK-TLR4/MD2 cells is inhibited by 

PTx and galardin 161 



xiii 

 

Figure 4.3 GPCR agonist bombesin induces sialidase activity in HEK-TLR4/MD2 

cells, similar to LPS 163 

Figure 4.4 GPCR agonist bombesin induces sialidase activity in HEK-293 cells 165 

Figure 4.5 Bombesin induces sialidase activity in BMC-2 macrophages 167 

Figure 4.6 Elastase and bradykinin induce sialidase activity in DC2.4 cells  169 

Figure 4.7 Zymosan, Poly I:C and LPS induce matrix metalloproteinase activity in 

BMC-2 cells, which is inhibited by galardin   171 

Figure 4.8A LPS induced NFκB activation in DC2.4 dendritic cells  173 

Figure 4.8B LPS induced NFκB activation in BMC2 macrophage cells  175 

Figure 4.8C Zymosan induced NFkB activation in HEK-TLR2 cells  177 

Figure 4.9A LPS-induced sialidase activity in BMC-2 macrophages is inhibited by 

galardin in a dose-dependent manner.   179 

Figure 4.9B LPS-induced sialidase activity in BMC-2 macrophages is inhibited by 

piperazine in a dose-dependent manner   181 

Figure 4.9C Specific inhibitor of MMP-3 does not block LPS-induced sialidase 

activity in BMC-2 macrophages   183 

Figure 4.9D MMP-9 plays a role in LPS-induced sialidase activity in BMC-2 

macrophages   185 

Figure 4.10 Proposed model for the multiplex regulation of ligand/TLR4-induced 

sialidase activity   187 

  
 

Figure 5.1 Canine (C-FVIII) and human (H-FVIII) factor VIII induces sialidase 

activity in BMC-2 macrophages 210 

Figure 5.2 Thrombin-activated canine (C-FVIII) and human (H-FVIII) factor VIII 

does not induce sialidase activity in BMC-2 macrophages 212 

Figure 5.3 Sialidase activity induced by human (H-FVIII) factor VIII is only 

observed in HEK-TLR2 cells 214 

Figure 5.4A Recombinant human (rH-FVIII) factor VIII induces sialidase activity at 

physiological concentrations in HEK-TLR2 cells 216 

Figure 5.5 Von Willebrand Factor-human factor VIII (H-VWF/FVIII) complex 

does not induce sialidase activity in HEK-TLR2 cells 218 

Figure 5.6 Recombinant human FVIII (rH-FVIII)-induced sialidase activity is only 

seen in HEK-TLR2 cells 220 

Figure 5.7A TLR2 and TLR4, but not TLR3, ligands induce sialidase activity in 

human platelets 222 

Figure 5.7B Thrombin-activated canine (C-FVIII) and human (H-FVIII) factor VIII 

does not induce sialidase activity in human platelets 224 

Figure 5.7C Human factor VIII (H-FVIII), but not VWF-FVIII complex, induces 

sialidase activity in human platelets 226 

Figure 5.8 Recombinant human FVIII-induced NFκB activation in HEK-TLR2 cells 228 



xiv 

 

Figure 5.9A Canine (C-FVIII)-induced sialidase activity is inhibited by Tamiflu, 

K252a, and suramin in DC2.4 dendritic cells 230 

Figure 5.9B Canine (C-FVIII)-induced sialidase activity is inhibited by Tamiflu, 

K252a, and suramin in HEK-TLR2 cells 232 

  
 

Figure 6.1 Proposed model for TLR4 dimerization and activation 246 

Figure 6.2 Proposed model for the default lysosome sorting and trafficking of TLR4 

to the plasma membrane 248 

 

Appendix 

Fig.1A,B 

Appendix Fig.2 

 

 

Standard curve of C. perfringens sialidase activity, and LPS-induced 

sialidase activity in live BMC-2 cells 

Standardization of -2,3-specific S. pneumoniae sialidase activity  

281 

 

283 

 

  



xv 

 

LIST OF ABBREVIATIONS 

 

4-MU  4-MUNANA, 2’-(4-methlyumbelliferyl)-α-D-N-acetylneuraminic acid 

AP-1  Activator protein 1 

BCR  B cell receptor 

BDNF  Brain-derived neurotrophic factor 

CD14  Cluster differentiation 14 

C-FVIII Canine factor VIII 

CpG-DNA Cytosine-phosphate-guanine deoxyribonucleic acid 

CTX-B  Cholera toxin subunit B 

DANA  2-deoxy-2,3-dehydro-N-acetylneuraminic acid 

dsRNA  Double stranded ribonucleic acid 

EBP  Elastin binding protein 

EGF(R)  Epidermal growth factor (receptor) 

ERK  Extracellular signal-regulated kinase 

FVIII  Blood coagulation factor VIII 

GM1  monosialotetrahexosylganglioside 

GPCR  G-protein coupled receptor 

G-protein Guanine nucleotide binding protein 

HEK292 Human embryonic kidney epithelial cell line 

H-FVIII Human factor VIII 

I B   Inhibitor of kappa B  

IFN  Interferon 

IGF-IR  Type I insulin-like growth factor receptor 

IgG  Immunoglobulin G 

IKK  Inhibitor of I B kinases 

IL-1(R)  Interleukin-1 (receptor) 

IRAK1/4 IL-1R-associated kinase 1/4 

IRF 3/5/7 IFN regulatory factor 3/5/7 

JNK  c-Jun-N-terminal kinase 

KD  Knock-down 

KI  Knock-in 

KO  Knock-out 

LAMP-1/2 Lysosomal-associated membrane protein-1/2 

LPS  Lipopolysaccharride 

LRR  Leucine-rich repeat 

Mal  MyD88 adaptor-like protein 

MAL-2  Maackia amurensis lectin 

MAP Kinase Mitogen activated protein kinase 

MD-2  Myeloid differentiation-2 (Co-receptor for TLR4) 

MHC II  Major histocompatibility complex class II 

MMP  Matrix metalloproteinase 

MyD88  Myeloid differentiation primary response gen 88 

Neu1-4  Neuraminidase 1-4 (sialidases) 

NF B  Nuclear transcription factor kappa B 

NGF  Nerve growth factor 



xvi 

 

NO  Nitric oxide 

PACAP  Pituitary adenylate cyclase-activating peptide 

PAMP  Pathogen associated molecular pattern 

PC-12  Pheochromocytoma cell line 

PC-12
nnr5

 PC-12 NGF-non responsive cell line (TrkA deficient) 

PMGS  Plasma-membrane ganglioside sialidase 

PTx  Pertussis toxin 

rH-FVIII recombinant human factor FVIII 

RIP1  Receptor-interacting protein 1 

RTK  Receptor tyrosine kinase 

SA  Sialic acid 

Siglec  Sialic-acid recognizing Ig-superfamily lectins 

SNA  Sambucus nigra agglutinin (lectin) 

ssRNA  Single stranded ribonucleic acid 

TAK1  TGF-β-activating kinase 1 

TANK  TRAF family members-associated NF B activator 

TBK1  TANK-binding kinase 1 

TGF  Transforming growth factor 

TIR  Toll-Interleukin-1 receptor 

TIRAP  TIR-associated protein 

TLR  Toll-like receptor 

TNF(R)  Tumour necrosis factor (receptor) 

TRAF6  TNFR-associated factor 6 

TRAM  TRIF-related adaptor molecule 

TRIF  TIR domain-containing adaptor protein-inducing IFN-β 

TrkA  Trk tyrosine kinase receptor A 

TrkB  Trk tyrosine kinase receptor A 

TS  trans-sialidase 

VPAC-1 Vasoactive intestinal peptide receptor-1 

VWF  von Willebrand factor 

 

  



1 

 

 

 

 

 

 

CHAPTER 1 

 

THE ROLE OF GLYCOSYLATION IN TOLL-LIKE RECEPTOR ACTIVATION 

 

  



2 

 

CHAPTER 1 

 

THE ROLE OF GLYCOSYLATION IN TOLL-LIKE RECEPTOR ACTIVATION 

 

 

TOLL-LIKE RECEPTORS: SENTINELS OF THE INNATE IMMUNE SYSTEM 

The discovery of mammalian toll-like receptors heralded the dawn of a new renaissance in the 

field of innate immunity research, one of the highlights of which was the cloning and 

characterization of a human homologue of the Drosophila toll protein by Medzhitov and 

colleagues in 1997 (1). In Drosophila, the Toll receptor is a key sensor of fungal infections, and 

certainly research on Toll proteins have lent tremendous insight to the understanding of human 

Toll homologues, particularly with regard to toll-like receptor (TLR) functionality and signaling 

(2). Toll and TLR genes play an important role in the regulation of innate immunity, and TLR-

mediated immune responses are thought to be ancient in the evolutionary scale; TLRs have been 

found in nematodes, arthropods and echinoderms, in addition to the chordates, with the earliest 

known TLR identified in Caenorhabditis elegans (3, 4). 

 

For a field so young, many significant discoveries have been borne from work on TLRs, and this 

family of receptors is now well-recognized as the sentinels of the innate immune system, keeping 

constant vigilance against invading microbial pathogens. The role of TLRs, particularly in the 

course of pathogenic infections, but also increasingly in non-infective disease and disorders 

associated with TLR deficiency or dysregulation, are well documented (5). Primarily though, 

TLRs are considered the pattern recognition receptors that detect highly conserved pathogen-

associated molecular patterns (PAMPs) from bacteria, fungi, viruses and parasites. Depending on 

the specific PAMP-TLR interaction, an intricate TLR-mediated signaling cascade is initiated 
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which translates the rapidly generated innate immune counter attack into delayed adaptive 

immune responses that result in immunologic memory (5). 

 

To date, ten human TLRs have been identified, most with specific and well-characterized 

affinities for their PAMP ligand(s) (1). Briefly, TLR2 heterodimerized with either TLR1 or 

TLR6, is key in the immune response to mycobacterial lipoarabinomannan, in addition to 

peptidoglycans from Gram-positive bacteria and zymosan from yeast cell walls (4). TLR3 is 

activated by double-stranded RNA. TLR4 is well-known as a critical component of the Gram-

negative bacterial lipopolysaccharide (LPS) receptor complex, along with CD14 and MD2; TLR4 

also binds lipoteichoic acids from Gram-positive bacteria. TLR5 is the signaling mediator of 

bacterial flagellin; TLR7 and TLR8 recognize single-stranded RNA; and TLR9 is activated by 

microbial DNA (6). While the ligand specificity for TLR10 has yet to be discovered, genomic 

studies have shown that this orphan member of the TLR family can be mapped to a locus that also 

contains TLR1 and TLR6, both of which are co-receptors for TLR2, suggesting a similar role for 

TLR10 (7). 

 

TLR SIGNALING ABRIDGED  

TLRs are type I transmembrane glycoproteins found on the plasma membrane or in endosomal 

compartments of various immune cells including macrophages, dendritic cells, B and T 

lymphocytes and natural killer cells. They are structurally characterized by: a highly glycosylated 

extracellular ectodomain, a single transmembrane domain and a cytoplasmic Toll-Interleukin-1 

receptor (TIR) homology domain (8). Ligand binding results in either homo- or 

heterodimerization of TLRs; it is the resulting juxtaposition of the two TIR domains that initiates 

the intracellular signaling pathway beginning with the recruitment of various adaptor proteins, 

MyD88, Mal or TIRAP (MyD88 adaptor-like protein; TIR-associated protein), TRIF (TIR 
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domain-containing adaptor protein-inducing IFN-β) and TRAM (TRIF-related adaptor molecule). 

Signaling via MyD88 and Mal/TIRAP (MyD88-dependent) induce genes for  pro-inflammatory 

cytokines and chemokines, while TRIF and TRAM (MyD88 independent) signaling induce the 

interferons (9). TLR-mediated signal transduction is summarized in Figure 1.1. 

 

All TLRs, with the exception of TLR3, signal through MyD88. Upon ligand-induced TLR 

dimerization, MyD88 is recruited to and associates with the TIR domain. In the case of TLR2 and 

TLR4, however, this association is mediated by the co-adaptor TIRAP, since cells from TIRAP 

knockout mice show defective TLR2 and delayed TLR4 signaling (10). MyD88 recruits IL-1R-

associated kinase 4 (IRAK-4), which is activated by phosphorylation, and further activates IRAK-

1. Phosphorylated IRAK-1 associates with TNFR-associated factor 6 (TRAF6) which then 

activates TGF-β-activating kinase 1 (TAK1). TAK1 induces the phosphorylation of IKK-β, which 

leads to the degradation of I B and the subsequent activation and nuclear translocation of 

transcription factor NF B.  MyD88-dependent TLR signaling also activates the MAP kinase 

signaling pathway which results in the activation of additional transcription factors like AP-1 and 

IFN regulatory factor (IRF)-5 (9).  

 

TLR4, in addition to TLR3, can signal independently of MyD88. Whereas TLR3 signaling 

requires interaction only with adaptor molecule TRIF, TLR4-mediated signaling requires both 

TRIF and TRAM. TRIF interacts with TRAF6 or receptor-interacting protein 1 (RIP1), both of 

which lead to the activation of NF B. TRIF can also activate TRAF family members-associated 

NF B activator (TANK) binding kinase 1 (TBK1) which directly phosphorylates transcription 

factors IRF-3 and IRF-7, thus allowing for their translocation to the nucleus to induce the 

expression of the genes for type I interferons (9). 



5 

 

 

This complex TLR signaling necessitates tightly controlled regulation so as not to pose a threat to 

resident microflora while fighting off invading microbes, and of course to avoid an excessive 

inflammatory response. This is chiefly accomplished by the regulation of protein phosphorylation 

and degradation, interaction with inhibitory adaptor molecules or sequesteration (11). 

 

Since TLRs play such a vital role in the pathophysiology of infectious diseases, and perhaps even 

inflammatory and autoimmune diseases, understanding the components of the TLR signaling 

pathway is pivotal to elucidating their mechanism of action. In addition, while much is known 

about TLR ligand specificities, it is the actual molecular structure of TLRs that evaded 

researchers until only very recently. 

 

THE STRUCTURE OF TLRS: A SWEET ROLE FOR TLR GLYCOSYLATION? 

In 2005, Choe et al (8) reported the crystal structure of the human TLR3 ectodomain at 2.1 

angstroms; it revealed a large horseshoe-shaped solenoid assembled from 23 leucine-rich repeats 

(LRRs), with one surface of this structure being highly glycosylated with 15 potential N-

glycosylation sites, whereas glycosylation is completely absent on the other surface, suggesting a 

possible location for ligand binding and oligomerization. Bell et al similarly described the 

molecular structure of the TLR3 ligand binding domain later that same year (8, 12). The crystal 

structure of TLR3 is illustrated in Figure 1.2. 

 

Due to the inefficiency of the production and crystallization of some LRR proteins like the TLRs, 

innovative structural analysis strategies have been employed (13, 14) – in addition to sequence 

analyses – to achieve the molecular characterization of TLR1, TLR2, TLR4, TLR6 and TLR10. 

The LRR domains of these TLRs can further be divided by sharp structural transitions into three 



6 

 

subdomains: N terminal, central, and C terminal. These structural alterations appear to be 

important for binding hydrophobic ligands like lipoproteins. TLR3, however, has a structurally 

flat LRR domain with uniform conformational angles, that is, a single ectodomain that is not 

divided into subdomains. Although the structures of TLR5, TLR7, TLR8 and TLR9 have not 

been similarly analyzed, initial comparisons of their LRR domains suggest they too belong to the 

single-domain subfamily of LRR motifs, suggesting that this conformation is important in the 

recognition of hydrophilic proteins or nucleic acids (6).   

 

Evidently, the precise structural integrity of TLRs potentially plays an important role in their 

ligand interactions, and it is therefore conceivable that the abundant glycosylation of these 

receptors may play a key role in their bioactivity. Glycosylation is thought to contribute to protein 

stability, and specific glycoforms are involved in key recognition interactions, such as ligand 

binding to its receptor (15). With TLR3 at least, the post-translational N-glycosylations were 

shown to contribute significantly to the overall mass (about 35%) of the TLR3 ectodomain. Sun 

and colleagues (16), have shown inhibition of TLR3-induced NF B activation in cells treated 

with tunicamycin, an inhibitor of glycosylation. In addition, they found that mutations in two 

different predicted glycosylation sites impaired TLR3 function without altering receptor 

expression.  

 

MD-2 and CD14, which are in complex with TLR4 for LPS-mediated signaling, are also 

glycosylated. MD-2 and the amino terminal ectodomain of human TLR4 potentially contain two 

and nine N-glycosylation sites respectively, based on their sequence analysis. For CD14, four 

predicted N-glycosylation sites are required for trafficking and ligand interaction (17). Studies 

with TLR4 and MD-2 mutants lacking N-linked glycosylation sites have shown that these are 

essential to maintaining the functional integrity of this LPS receptor complex (18). There is also a 
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definitive role for glycosylation in the trafficking of TLR2 and TLR4 from internal compartments 

to the cell surface; in fact, putative glycosylation sites were shown to be important determinants 

for the shedding of TLR2 from monocytes (19). 

 

Other receptor families also show similar functions for receptor glycosylation. Tunicamycin 

treatment of tumor cells expressing receptor tyrosine kinases (RTKs) including the epidermal 

growth factor receptor (EGFR) and the type I insulin-like growth factor receptor (IGF-IR) 

showed inhibition of not only receptor function but also expression (20). Microscale 

deglycosylation assays showed that both conserved and variable N-glycosylation sites on the 

nerve growth factor (NGF) binding TrkA receptor played an important dual role: first, to localize 

the TrkA receptor to the plasma membrane, and second, to prevent ligand-independent activation 

(autophosphorylation) (21). Molecular analysis of N-glycosylation site mutant and wildtype 

forms of the transmembrane human bradykinin B2 receptor (of the G protein coupled receptor 

family) showed that glycosylation and particularly sialylation (the presence of sialic acid (SA) 

sugar residues), was critical for receptor stabilization at the cell surface (22). Additionally, when 

the degree of glycosylation of the immunoglobulin G (IgG)-containing B-cell receptors (IgG-

BCR) of peripheral blood lymphocytes from patients with multiple myelomas were compared to 

normal cells, the degree of sialylation of the IgG-BCR was increased in myeloma cells while 

expression of galactose and N-acetylglucosamine were not significantly affected (23). It could be 

speculated, therefore, that for cells involved in disease pathology, receptor glycoproteins may 

have altered glycosylation profiles. Since most of the major molecules involved in both the innate 

and adaptive responses are glycoproteins, the potential role that these sugars play in cellular 

function is myriad.  
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SIALIC ACIDS AND SIALIDASES 

Sialic acids (SAs) are a family of nine-carbon monosaccharides including neuraminic acid and its 

derivatives [Figure 1.3A]. They are typically expressed on the terminal residues of cell surface 

N- and O-linked glycans and secreted glycoproteins, as well as membrane-bound 

glycosphingolipids. They are bound to a galactose residue by either -2,3-, -2,6- or -2,8-

glycosidic linkages . Sialic acids were initially thought to function primarily to confer negative 

charge and hydrophilic properties to vertebrate cell surfaces, and to block underlying galactoses 

from indiscriminate recognition by receptors. SA-binding proteins are expressed in many 

organisms that do not themselves have sialic acids; this is thought to be an evolutionary adaption 

especially in terms of pathogen infectivity, since sialic acids act as receptors for microbes and 

toxins. These SA-deficient organisms (particularly those of plant origin) express SA-binding 

proteins, or lectins, that display exquisite specificity for sialic acids in other species that display 

them (24). These plant-derived lectins, like Maackia amurensis lectin (MAL-2) which 

specifically binds -2,3-SA and Sambucus nigra lectin (SNA) which binds -2,6-SA (25), are 

very useful tools in studying the role of these sugars on glycoprotein surfaces. 

 

Varki’s recent review (26) details the various roles of sialic acids in the immune system: their  

importance as components of cell adhesion molecules, like selectins and siglecs (sialic-acid 

recognizing Ig-superfamily lectins), which mediate interactions between immune cells and also 

platelets. On macrophages, siglec 1 potentially modulates macrophage-driven immune responses 

and acts as a phagocytic receptor for pathogen-associated sialic acids. There is also intriguing 

evidence that changes in the sialylation profiles of glycans are required during the thymic 

development of T cells and that expression of -2,6-SAs are upregulated during B cell 

development. Of most significant interest to our research, however, is the recent discovery that 
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activation of T lymphocytes appears to be linked to a downregulation of cell surface sialic acid 

expression. In fact, cells grown in the presence of sialidase inhibitors showed a greater degree of 

sialylation upon activation with a subsequent decrease in the production of IFN-  at the 

transcriptional level (27).  It appears, therefore, that sialylation of cell surface glycoproteins 

potentially plays a significant role in cell activation, which is likely mediated by cellular sialidase 

activity. 

 

Cellular sialylation is metabolically regulated by sialidase, and to a lesser extent, 

sialyltransferases. Endogenous mammalian sialidases (alternately referred to as neuraminidases), 

are glycohydrolytic enzymes that catalyze the removal of sialic acid residues from glycoproteins 

and glycolipids (28). To date, four types of human sialidases have been cloned and characterized 

at the molecular level. These are classified by their subcellular localization as intralysosomal 

(Neu1), cytosolic (Neu2), plasma membrane-bound (Neu3) and lysosomal or mitochondrial 

associated (Neu4); they differ, however, in their functions and substrate specificities (29).  

 

Neu1 in lysosomes is associated with lysosomal carboxypeptidase A (protective protein cathepsin 

A), β-galactosidase and N-acetyl-galactosamine-6-sulphate sulphatase (30). Elastin binding 

protein, involved in elastic fibre deposition, has also been reported to form a complex with 

Neu1/cathepsin A at the cell surface (31). Lukong et al (32) have also demonstrated that Neu1 

was not only found in the lysosomal matrix but also at the cell surface under conditions of cell 

stimulation. More recent data further shows that Neu1 expression is up-regulated during 

monocyte differentiation, and is trafficked to the membrane via MHCII-positive vesicles. 

Inherited mutations in the NEU1 gene result in the autosomal recessive disorder, sialidosis, which 

is categorized by the progressive lysosomal storage of sialylated glycopeptides and 
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oligosaccharides; this presents clinically as either severe neurodegenerative disease, i.e. early-

onset (type II sialidosis), or the relatively milder late-onset (type I sialidosis) pathology (33). 

 

Cytosolic Neu2 is usually expressed in low levels in cells, but highly expressed in skeletal muscle 

(34), the liver (35), and the thymus (36), as well as potentially playing a significant role in 

myoblast differentiation (37). Chavas et al (38) have reported the crystal structure of human Neu2 

in its free form (shown in Figure 1.3B) as well as in complex with the neuraminidase inhibitor 2-

deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA). Neu3, also referred to as plasma-

membrane ganglioside sialidase (PMGS), is a key enzyme for ganglioside degradation and 

preferentially targets GM1 gangliosides. In mice, the over-expression of Neu3 has also been 

implicated in the development of severe insulin-resistant diabetes, while more recent studies have 

shown that Neu3 may be an important regulator of insulin sensitivity and glucose tolerance (39). 

Very little is known about the most recently identified human sialidase Neu4, expect that it was  

shown to be highly expressed in the mucosal surfaces of the colon, although this expression was 

markedly reduced in colon cancer, suggesting a role for Neu4 in the maintenance of normal colon 

mucosa (40).  

 

In this thesis, we investigate the potential relationship between TLR glycosylation and the role 

this receptor glycosylation may play in its activation upon ligand binding. The relevance of sialic 

acid profiles and cellular sialidase activity becomes more apparent when considering the number 

of putative N-glycosylation sites on TLRs; these numerous N-glycans could conceivably be 

abundantly arrayed with terminal sialic acids that aid in the binding of pathogens and toxins. 

Considering the proximal availability of one or more membrane-associated sialidases to regulate 

sialic acid function, it could logically be inferred that there exists a direct link between TLR 
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glycosylation (through ligand recognition and binding) and TLR activation that is potentially 

mediated by cellular sialidase. 

 

We have previously shown that the glycosylation of Trk tyrosine kinase receptors plays a critical 

role in their activation following ligand interaction, and that Trk activation appears to be 

dependent on the induction and activity of cellular sialidase(s) (41). Could a similar sialidase-

driven regulation of TLR activation exist? 

 

ROLE OF GLYCOSYLATION IN TRK TYROSINE-PROTEIN KINASE RECEPTOR ACTIVATION 

Our previously published studies (41-43) using the well characterized model of the TrkA family 

of tyrosine-protein kinase receptors provided an insight into the potential role of glycosylation in 

receptor activation. We discovered that in TrkA-expressing rat pheochromocytoma cells (PC-12), 

the hydrolysis and removal of sialyl -2,3-linked β-galactosyl residues of TrkA by the 

trypanosome trans-sialidase enzyme (TS, derived from Trypanosoma cruzi), appeared to reshape 

these receptors for dimerization, phosphorylation and internalization into cytoplasmic vesicles, 

and mediated cell survival and differentiation (neurite outgrowth) independent of TrkA ligand, 

nerve growth factor (NGF). These findings indicated a novel mechanism for the control of Trk 

receptor signaling, not only for TrkA in PC-12 cells but also for TrkB receptors, which bind 

brain-derived neurotrophic factor (BDNF), on primary neurons.   

 

We also found that when NGF (in the absence of TS) was added to TrkA-expressing PC12 cells, 

endogenous cellular sialidase activity could be detected, as evidenced by a newly developed 

sialidase assay whereby neuraminidase-specific substrate 4-MUNANA (4-MU), 2’-(4-

methlyumbelliferyl)-α-D-N-acetylneuraminic acid, is added to live cells that are either stimulated 

with their natural ligand, or with an inhibitor and ligand, or left untreated as controls. In the 
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presence of sialidase enzymes, which we hypothesized were activated upon ligand binding to 

receptor, 4-MU is hydrolyzed to give free 4-methylumbelliferone (with a fluorescence emission 

at 450nm (blue color) following excitation at 365nm) which can be detected by epi-fluorescent 

microscopy. Lectin inhibition studies using lectins MAL-2 and SNA, which specifically bind to 

α-2,3-linked and α-2,6-linked sialic acids respectively, showed that this NGF-induced sialidase 

activity also specifically targets and hydrolyzes only the sialyl -2,3-linked -galactosyl residues 

of the TrkA receptor resulting in receptor activation and cellular function (41, 43).  

 

In attempting to identify the specific sialidase(s) involved in our assay system with Trk receptors, 

and based on our previously published results and a review of the available literature, we are able 

to exclude the involvement of Neu2 (38) and Neu3 (44) in our model (described in Figure 1.4), 

since both these sialidases have been shown to be inhibited by DANA, while our data showed no 

inhibition with DANA (41). No information is currently available on the action of DANA on 

either Neu1 or Neu4, suggesting that either one or both these sialidases might be involved in our 

model.  

 

In conclusion, while much has been discovered about TLR function in the last decade, several 

key questions remain unanswered, the most basic of which is how the initial TLR-ligand 

interaction is transmitted across the membrane to activate the signal cascade (45)?   The key focus 

of our research into how TLR glycosylation plays a role in its activation following ligand binding, 

may provide the elusive answer to this question. We have shown evidence for a role for 

endogenous cellular sialidase in mediating the activation of Trk tyrosine kinase receptors (41-43). 

Others have shown that immune cell surface sialic acids are significantly reduced upon activation 

of immune cells; a phenomenon that is likely mediated by cellular sialidase (27). Here, we seek to 
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establish, for the first time, the parameters controlling ligand-induced TLR activation: Is there a 

role for cellular sialidase?  
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Figure 1.1. TLR pathogen-molecule pattern recognition and signaling networks 

summarized. Ligand binding results in either homo- or heterodimerization of TLRs leads to the 

recruitment of various adaptor proteins, MyD88, Mal or TIRAP (MyD88 adaptor-like protein; 

TIR-associated protein), TRIF (TIR domain-containing adaptor protein-inducing IFN-β) and 

TRAM (TRIF-related adaptor molecule). Signaling via MyD88 and Mal/TIRAP (MyD88-

dependent) induce genes for pro-inflammatory cytokines and chemokines, while TRIF and 

TRAM (MyD88 independent) signaling induce the interferons. Figure adapted from Anders and 

Schlöndorff, 2007 (46). 
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Figure 1.2. Crystal structure of the Toll-like receptor 3 (TLR3) extracellular domain (ECD) 

and model of the full-length receptor. (A) A single leucine-rich repeat (LRR) loop highlighting 

conserved hydrophobic side chains (brown spheres) that form the core of the solenoid. (B) A 

cartoon trace showing the curved solenoid, or “slinky” shape of the ECD. β-strands are shown as 

arrows on the concave surface of the ECD. C) A surface rendering of TLR3. In B and C, glycans 

are shown in green, sulfate ions in orange, and insertions in LRRs 12 and 20 in red. 

Transmembrane and cytoplasmic domains, based on previously reported structures, are shown in 

gray. Figure reprinted with permission from Dr. David Segal, Center for Cancer Research, 

National Cancer Institute, NIH.  
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Figure 1.3. (A) Structure of sialic acids. Sialic acids (SAs) are a family of nine-carbon 

monosaccharides including neuraminic acid and its derivatives. They are typically expressed on 

the terminal residues of cell surface N- and O-linked glycans and secreted glycoproteins, as well 

as membrane-bound glycosphingolipids. They are bound to a galactose residue by either -2,3-, 

-2,6- or -2,8-glycosidic linkages. Sialidase (Neu) cleaves sialic acids within the pyranose ring. 

Image from Buschiazzo et al (47). (B) Structure of Neu2 sialidase. Ribbon structure of Neu2, 

showing the six blades (I-VI) of the β-propeller in different colours. The predicted structures of 

Neu1, Neu3 and Neu4 are very similar to Neu2. Image from Chavas et al, 2005 (38). 
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Figure 1.4. Experimental model of cellular sialidase-mediated Trk tyrosine kinase receptor 

activation. We demonstrated that when nerve growth factor binds to TrkA receptors, there is an 

induction of an unknown cellular sialidase that targets and removes -2,3-sialic acids from the 

receptor, allowing for Trk phosphorylation, dimerization and subsequent activation. Woronowicz 

et al (2004) (42) had previously shown that Trypanosoma cruzi trans-sialidase and streptococcal 

-2,3-neuraminidase induced Trk activation in the absence of nerve growth factor. 
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CHAPTER 2 

 

THE EFFECTS OF NEURAMINIDASE INHIBITORS ON LIGAND-INDUCED 

CELLULAR SIALIDASE ACTIVITY AND CELL FUNCTION IN TRK RECEPTOR 

EXPRESSING CELLS AND PRIMARY NEURONS 
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ABSTRACT 

 

We previously reported that trypanosome trans-sialidase (TS), a sialic acid–transferring enzyme, 

was a novel ligand of TrkA and TrkB receptors but not of neurotrophin receptor p75NTR. Both 

TrkA- and TrkB-expressing cells pretreated with TS were protected against cell death caused by 

serum/glucose deprivation or from hypoxia-induced neurite retraction, mimicking the effects of 

the natural ligands for these receptors: nerve growth factor (NGF) for TrkA receptors and brain-

derived neurotrophic factor (BDNF) for TrkB receptors. This was followed by the recent 

discovery that Trk tyrosine kinase receptor activation is controlled by the induction of an 

endogenous membrane sialidase upon binding of natural ligand. This resultant sialidase activity 

was shown to specifically target and hydrolyze the sialyl -2,3-linked β-galactosyl sugar residues 

the receptor, which allows for receptor dimerization and subsequent activation. Using a newly 

developed fluorogenic assay to detect sialidase activity in viable cells, we now show that primary 

cortical neurons also show a vigorous membrane sialidase activity following stimulation with 

specific neurotrophic growth factors, similar to Trk-expressing cells. Neuraminidase inhibitors, 

Tamiflu, BCX1812 and BCX1827, block sialidase activity induced by NGF in TrkA-PC12 cells 

and by BDNF in primary cortical neurons. In contrast, the neuraminidase inhibitor, 2-deoxy-2,3-

dehydro-N-acetylneuraminic acid (DANA), specific for plasma membrane ganglioside Neu3 and 

Neu2 sialidases  has no inhibitory effect on NGF-induced pTrkA. The GM1 ganglioside specific 

cholera toxin subunit B (CTX-B) applied to TrkA-PC12 cells has no inhibitory effect on NGF-

induced sialidase activity. Neurite outgrowths and cell survival against oxidative stress in NGF-

treated TrkA-PC12 and BDNF-treated TrkB-nnr5 cells are significantly inhibited by Tamiflu. 

Overall, our results establish a novel mode of regulation of receptor activation by its natural 

ligand and define a new function for cellular sialidases.  
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CHAPTER 2 

 

THE EFFECTS OF NEURAMINIDASE INHIBITORS ON LIGAND-INDUCED CELLULAR SIALIDASE 

ACTIVITY AND CELL FUNCTION IN TRK RECEPTOR EXPRESSING CELLS 

AND PRIMARY NEURONS 

 
 

INTRODUCTION 

 

Nucleic acids, proteins and polysaccharides are the three major classes of natural molecules 

involved in signal transduction.  While the structure and functional roles of nucleic acids and 

proteins are well known, those of carbohydrates are much less understood. Carbohydrates are the 

most complex and diverse class of molecules, usually found as constituents of glycoconjugates 

(48). Glycoconjugates can be glycoproteins or glycolipids, and are known to mediate 

inflammation, cell-cell recognition, immunological responses, metastasis, and fertilization (49). 

For secreted and cell membrane-bound receptors, glycosylation status may be an important 

requirement for their translocation and function.  For  example, partial glycosylation is required 

for the processing and/or hormone-binding activity of insulin receptor (50), epidermal-growth-

factor receptor (51, 52), nicotinic acetylcholine receptor (53), and members of the G-protein-

coupled class of receptors, such as the vasoactive intestinal peptide receptor (53), somatostatin 

receptor (54) and β-adrenergic receptor (55, 56). However, a direct link between glycosylation 

and receptor activation following ligand interaction has not yet been observed.  

 

Insight for the role of glycosylation in receptor activation came from the well characterized model 

of TrkA family tyrosine-protein kinase receptors which function as signaling receptors for the 

neurotrophin family of molecules of nerve growth factor (NGF). Nerve growth factor (NGF) is 

well known as a neuroprotective agent in a variety of in vitro neuronal insult models (57-66). In 
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addition, brain-derived neurotrophic factor (BDNF) has been shown to be neuroprotective against 

neonatal hypoxic-ischemic brain injury in vivo (67). Likewise, estrogen is another potential 

neuroprotective agent against damage produced by acute and chronic injuries in the adult brain 

(68). Insulin-like growth factors (IGF-I and -II) are also potent trophic factors for motor and 

sensory neurons and glial cells (69). The actions of these growth factors are mediated through 

their binding to respective receptors. Growth factor binding to its receptor is necessary to activate 

distinct signaling cascades, which in turn mediate their trophic effects. There are intriguing 

observations suggesting that microbial invaders of the nervous system like Trypanosoma cruzi 

might utilize neuronal receptor(s) to reduce tissue damage for maximizing host-parasite 

equilibrium and produce relatively little brain or nerve damage in long-lasting infections (70-73). 

However, the neuronal receptor(s) targeted by T. cruzi parasites had not been identified until now. 

 

We have previously shown that a highly purified recombinant trans-sialidase (TS) derived from 

T. cruzi parasites targets TrkA receptors on TrkA-expressing rat pheochromocytoma cell line 

PC12 cells and colocalizes with TrkA internalization and phosphorylation (pTrkA) (42). TS has 

two types of catalytic activities(74, 75): a dominant sialyltransferase activity catalyzing the 

transfer of sialic acid  to terminal β-D-galactose acceptors, and a much lower neuraminidase 

activity that results in sialic acid release from sialyl-oligosaccharides. The sialidase activity but 

not the sialyltransferase of TS was involved in activating TrkA receptors. Similar findings were 

observed using a highly purified recombinant α-2,3-neuraminidase (Streptococcus pneumoniae) 

(42). At the same time, Chuenkova and PereiraPerrin (76) also provided evidence  that T. cruzi 

parasites bind TrkA via their neuraminidase in a NGF-inhibitable manner, which leads to TrkA 

autophosphorylation, activation of the PI3K/Akt kinase pathway and, eventually,  to cell survival 
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and neurite outgrowth. Their T. cruzi neuraminidase did not react with the neurotrophin receptor 

p75
NTR

 (76). Together these findings demonstrated that T. cruzi trans-sialidase is a novel and 

unique TrkA ligand, sufficient to promote cell differentiation (neurite outgrowth) and 

neuroprotection independent of NGF. 

 

When NGF binds with its receptor TrkA on a neuron, the commonly held theory is that the 

retrograde survival signals involve the ligand-receptor complexes to be internalized into vesicles 

(77-79), and retrogradely transported to the cell bodies providing  survival signals to the neuron 

(21, 77, 80-84). NGF is restricted
 
to the synaptic area located far from the cell body where it is 

believed to exert its effect (85).  This theory has been challenged. Other studies show that 

neuronal survival signals can reach the cell
 
bodies unaccompanied by the NGF that initiated it 

(80, 82). These retrograde survival signals do not depend on internalization and transport of NGF. 

These data led to the proposal that binding of NGF to TrkA receptors in nerve terminals results in 

the rapid propagation of a NGF-independent "wave" of TrkA receptor activation (80, 86, 87). 

This concept is consistent with a recent finding of a ligand-independent wave of epidermal 

growth factor (EGF) receptor activation originating from EGF (88). Based on these findings, the 

precise mechanism of NGF-independent TrkA receptor activation is unclear (80, 86, 87).  

 

We recently showed that NGF binding to TrkA induces one or more cellular sialidases that 

specifically target and hydrolyze sialyl -2,3-linked β-galactosyl residues of TrkA, an initial step 

for receptor dimerization, internalization and subsequent activation in Trk expressing cells. In this 

rat pheochromocytoma cell line PC12 and its Trk-expressing derivatives (89-92), we found that 

TS mimics BDNF, the natural ligand for TrkB receptors. Wild type TS but not the catalytically 
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inactive mutant TSAsp98-Glu induces pTrkB and mediates cell survival responses against 

death caused by oxidative stress in TrkA- and TrkB-expressing cells like those seen with NGF 

and BDNF. These same effects are not observed in Trk deficient PC12
nnr5

 cells, but are re-

established in PC12
nnr5 

cells stably transfected with TrkA or TrkB, are partially blocked by 

inhibitors of tyrosine kinase (K-252a), MAP/MEK protein kinase (PD98059) and completely 

blocked by LY294002, an inhibitor of phosphatidylinositol 3-kinase (PI-3K). Both TrkA- and 

TrkB-expressing cells pretreated with TS or their natural ligands are protected against cell death 

caused by serum/glucose deprivation or from hypoxia-induced neurite retraction.  

 

Here we show that the membrane sialidase activity that is induced upon ligand binding to its 

specific Trk receptor, can be detected using a newly developed fluorogenic assay in live cells. 

This ligand-induced sialidase activity is blocked by neuraminidase inhibitors Tamiflu, BCX1812 

and BCX182, following stimulation with NGF (in TrkA-PC12 cells) and BDNF (in primary 

cortical neurons). In addition, Tamiflu also reduced neurite outgrowths induced by NGF-treated 

TrkA-PC12 and BDNF-treated TrkB-nnr5 cells, and decreased cell survival effects
 
of NGF and 

BDNF against oxidative stress. Overall, our results corroborate our published data defining a 

novel mode of regulation of receptor activation by its natural ligand, and a new function for 

cellular sialidases.  
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MATERIAL AND METHODS 

 

Cell lines   

The NGF responsive PC12 rat pheochromocytoma cell line, PC12
nnr5

 (tyrosine kinase deficient 

mutant, NGF non-responsive) (93, 94), and TrkA-PC12 cell line (overly expressing human TrkA 

receptors) (95), were used  in these studies as previously described (42). The TrkB-nnr5 cells are 

PC12
nnr5

 cells stably transfected to express rat TrkB receptors (kindly provided by Dr Susan 

Meakin, Laboratory of Neural Signaling, Cell Biology Group, Robarts Research Institute,  

London, Ontario, N6A 5K8, Canada) (96). In the presence of BDNF, the TrkB-nnr5 cells respond 

by stopping division and extending neurites, which is similar to the activity of NGF on TrkA-

PC12 cells. All cell lines were grown at 37
o
C in 5% CO2 in culture media containing DMEM 

(Gibco) supplemented with 5% horse serum (Gibco, Rockville, MD) and 3% fetal calf serum 

(Cansera International Inc., Rexdale, Ontario, Canada).  

 

Primary Cortical Neurons 

Primary cultures of mouse cortical neurons were prepared as described previously (97, 98). 

Pregnant CD-1 mice were sacrificed on gestational day 17, and the fetuses immediately removed 

from the uterus. The cortex from these fetuses was collected and digested with trypsin (0.1%) and 

DNAse I (50µg/ml). The tissues were pooled in sterile neurobasal medium supplemented with 

2% B27 and penicillin-streptomycin (100IU/ml) (Invitrogen Life Technologies, Canada), 

triturated and filtered through 37µM nylon mesh. The filtrate was centrifuged for 10 minutes at 

1000rpm and re-suspended in neurobasal medium at a concentration of 3 x 10
5
 cells/ml. Cells 

were plated onto 24 well-plates containing 12-mm round cover-slips pre-coated with poly-D-

lysine (50µg/ml), incubated in 5% CO2 atmosphere at 37
0
C and grown for 4 days before testing. 
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The cultures consist of 95% neurons as determined by immunochemical examination using MAP-

2 antibody.  

 

Neurotrophic growth factors and neuraminidase inhibitors 

Nerve growth factor (NGF; 50ng/ml) and brain-derived neurotrophic factor (BDNF; 100ng/ml) 

(Sigma) were used at predetermined optimal dosage. Tamiflu (pure oseltamivir phosphate, 

Hoffmann-La Roche Ltd., Mississauga, Ontario, Lot # BS00060168), BCX-1812 or BCX-1827 

(BioCryst Pharmaceuticals Inc., Birmingham, AL), DANA (2-deoxy-2,3-dehydro-d-n-

acetylneuraminic acid) (Sigma) and cholera toxin subunit B (CTX-B) (Sigma) were used at 

indicated concentrations.   

 

The Sialidase Assay: Development of a fluorogenic assay to detect sialidase activity in viable 

cells 

TrkA-PC12, TrkA-deficient PC12
nnr5

 cells [Figure 2.1] or primary cortical neurons [Figure 

2.2A] were grown on 12 mm circular glass slides pre-coated with poly-D-lysine in medium 

containing 5% horse and 4% fetal calf sera. After removing medium, 2.04 mM 4-MUNANA (4-

MU) substrate [2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid] (Sigma) in Tris buffered 

saline pH 7.4  was added to each well alone (control), with 50 ng/ml NGF for TrkA expressing 

cells and 100ng/ml BDNF for primary cortical neurons, or in combination of NGF or BDNF and 

200-500 µM Tamiflu. Additionally, TrkA-PC12 cells were pretreated with 100 µg/ml MAL-2 for 

45 min or left untreated. After removing medium and washing, 2.04 mM 4-MUNANA substrate 

in Tris buffered saline pH 7.4 was added to each well either alone or in combination with 50 

ng/ml NGF or 100ng/ml BDNF.  Additionally, medium (20µL) was taken from the cell wells and 
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added to 20 ul of 4-MUNANA substrate. A positive control sialidase (Clostridium perfringens) 

(Sigma) (10 µl; with a specific activity of 1U per 1.0 µmole of N-acetylneuraminic acid per 

minute) was added to 20 µL of 2.04 mM 4-MUNANA substrate. The substrate is hydrolyzed by 

sialidase to give free 4-methylumbelliferone which has a fluorescence emission at 450 nm (blue 

color) following an excitation at 365 nm. Fluorescent images were taken after 1 to10 minutes 

using epi-fluorescent microscopy (40x objective). The data are a representation of one out of five 

independent experiments showing similar results. 

 

Inhibition of Trk phosphorylation in primary cortical neurons by Tamiflu  

Primary cortical neurons were pretreated with 200µM Tamiflu for 30min followed by 200ng/ml 

of BDNF or left untreated (Control) [Figure 2.2B]. Cells were fixed, permeabilized, and 

immunostained with goat anti-pTyr490 Trk followed with Alexa Fluor594 rabbit anti-goat IgG. 

Stained cells were visualized by epi-fluorescence microscopy using a 40x objective.  Quantitative 

analysis was done by assessing the density of cell staining corrected for background in each panel 

using Corel Photo Paint 8.0 software. Each bar in the figures represents the mean corrected 

density of staining ± SEM for all cells (n) within the respective images. Asterisk ( ) represents 

significant differences at 95% confidence using Dunnett’s Multiple Comparison Test compared to 

control (Ctrl) in each group.  

 

Flow cytometry 

Cells grown in 25 cm
2
 flasks at 90% confluence were treated with 500 µM Tamiflu in serum free 

medium for 24hr or left untreated.  They were stimulated with 50 ng/ml NGF for 15 min and 

immediately fixed, permeabilized and immunostained with fluorescein conjugated IgG goat anti- 
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pY490 Trk antibody. 7000 cells were acquired on a Beckman Coulter (Miami, FL) Epics XL-

MCL flow cytometer and analyzed with Expo32 ADC software (Beckman Coulter). For overlay 

histograms, untreated control cells are represented by the black-filled histogram. Cells pretreated 

with Tamiflu and stimulated with NGF are depicted by the gray-filled histogram. Cells treated 

with NGF are depicted by the unfilled histogram with the black line. The mean fluorescence for 

each histogram is indicated for 98% gated cells [Figure 2.3A].  

 

Western blot  

TrkA-PC12 cells were grown in 75 cm
2
 flasks at 90% confluence. Cells were treated with 500 

µM Tamiflu in serum free medium for 24hr or left untreated.  Cells were stimulated with 50 

ng/ml NGF for 15 min and immediately lysed in 500 µL of 1x SDS sample buffer. To each cell 

lysate was added 3% 2-mercaptoethanol and boiled for 10 min. Cell lysates were resolved by 8% 

SDS-PAGE gel, and the blots probed with polyclonal goat anti-pY490 Trk antibody followed by 

HRP conjugated secondary anti-goat IgG antibody, and Western Lightning Chemiluminescence 

Reagent Plus. Sample concentration for gel loading was determined by BioRad reagent [Figure 

2.3B]. 

 

NGF-induced sialidase activity in cell suspensions of TrkA-PC12 cells.  

TrkA-PC12 cells at 90% confluence in 25-cm
2
 flasks were resuspended in 500 µl of serum-free 

medium. To 100 µl or 400 µl of cell suspension (3-4x10
6
 cells/ml) was added 50 ng/ml NGF at 

different times and the remaining cells were left untreated as controls. The NGF-treated  and 

untreated cells were added (30x10
6
 total cells) to substrate buffer (20 mM Tris and 30 mM NaCl) 

containing aprotinin, leupeptin, PMSF and 0.05 mM 4-MUNANA in cuvettes with or without the 
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presence of 200µM of either Tamiflu, BCX-1812 or BCX-1827. The fluorescence intensity 

readings were immediately taken over 15 min. using the Varian Cary Eclipse Fluorescence 

Spectrophotometer at low and medium PMT voltage detector settings. The substrate, 4-

MUNANA, is hydrolyzed by sialidases to give free 4-methylumbelliferone which has a 

fluorescence emission at 450 nm following an excitation at 365 nm. The sialidase activity in the 

cell samples [Figure 2.4] was calculated from a standard sialidase activity curve, corrected for 

background endogenous sialidase activity in untreated cells, and expressed as nano U per mg of 

4-MUNANA for a total of 3x10
7
 cells.  

 

Scoring of neurite outgrowth   

Cells (~5x10
6
/glass slide) were grown in 24-well tissue culture plates on 12 mm circular glass 

slides coated with poly-D-lysine (Sigma) for 24 hours prior to experimental treatment.  After 2-3 

days of treatment, the cells were fixed in 3.7% paraformaldehyde for 30 min, permeabilized with 

0.2% triton X-100 in TBS on ice for 5 min followed with a blocking solution of 3% bovine serum 

albumin on ice for 20 min. The cells were stained with phalloidin-rhodamine (Sigma) for 1 hr at 

37
o
C. Cell staining was analyzed qualitatively using epi-fluorescence microscopy and 

quantitatively by counting the number of cells with multiple neurite extensions (≥200 of the total 

cells; one or more extensions greater than 2 cell bodies in length) [Figure 2.5].  

 

Cell viability in response to oxidative stress 

Cells were pretreated with 200 M Tamiflu for 30 min and then washed. Cells were then treated 

with either 50 ng of NGF/ml or 100 ng of BDNF/ml for 15 min prior to exposure to 0.1 mM H2O2 

for 60 min. Cell viability was assessed by acridine orange/ethidium bromide staining and epi-
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fluorescence microscopy [Figure 2.6]. The percentage of viable cells was determined for total 

cell counts of 200. 

 

Statistics  

Comparisons between two groups were made by one-way ANOVA at 95% confidence using 

Bonferroni’s Multiple Comparison Test, or Dunnett’s Multiple Comparison Test for comparisons 

among more than two groups. 
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RESULTS 

 

Detecting ligand-induced cellular sialidase activity in live cells: the sialidase assay 

To advance our hypothesis that NGF binding to TrkA induces cellular sialidase activity, an assay 

to detect sialidase activity in viable cells was needed. TrkA-PC12 cells were grown on 12 mm 

circular glass slides in medium containing 5% horse serum  and 4% fetal calf serum, and treated 

with 50 ng/ml NGF at different time intervals in the presence or absence of 200 µM Tamiflu, or 

left treated as controls. After removing medium, 2.04 mM 4-MUNANA substrate [2’-(4-

methylumbelliferyl)-α-D-N-acetylneuraminic acid] in Tris buffered saline pH 7.4 was added to 

either control untreated cells, or to cells treated with 50 ng/ml NGF or in combination of NGF 

and 200 µM Tamiflu. As shown in Figure 2.1A, NGF treatment of TrkA-PC12 cells induces 

sialidase activity within 6 minutes as revealed by a halo of fluorescence (blue color) surrounding 

the cells caused by the emission of free 4-methylumbelliferone hydrolyzed from 4-MUNANA 

substrate compared with untreated control cells. Tamiflu completely blocks NGF-induced cellular 

sialidase activity in these cells. When TrkA-expressing cells were pretreated with MAL-2 and 

followed by NGF and 4-MUNANA addition, a fluorescence halo also arose suggesting that NGF 

induces cellular sialidase activation even in the presence of MAL-2 [Figure 2.1B]. Cells treated 

with MAL-2 alone do not express sialidase activity. These data indicate again that MAL-2 does 

not block NGF binding to its receptor, and NGF binding to its receptor induces cellular 

sialidase(s) activation on the cell surface even in the presence of MAL-2.  If the TrkA receptor is 

critical in the process of activating sialidase(s), then we should not expect to see fluorescence in 

NGF-treated TrkA-deficient PC12
nnr5

 cells.  The data in Figure 2.1C clearly show this to be the 

case.  We also questioned whether or not the fluorescence surrounding NGF-treated TrkA-
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expressing cells is due to secreted sialidase(s). Medium was taken from the reaction wells 

containing the viable cells and added immediately to 4-MUNANA substrate. A positive control 

sialidase (Clostridium perfringens) which has a specific activity of 1 U per 1 µmole of N-

acetylneuraminic acid per minute was also added to the 4-MUNANA substrate. As shown in 

Figure 2.1D, the fluorescence surrounding the NGF-treated cells seen in Figure 2.1A is not due 

to a form of secreted or shed sialidase from the cells. Since plasma membrane sialidase Neu3 is 

specific for GM1 gangliosides (99-101), we asked whether Neu3 sialidase could be the key player 

in our NGF-induced sialidase activity. To test this,  GM1 specific cholera toxin subunit B (CTX-

B) added to TrkA-PC12 cells in the presence of  4-MUNANA substrate and NGF  does not block 

NGF-induced sialidase activity [Figure 2.1E]. In addition, DANA added to the cells in the 

presence of 4-MUNANA and NGF does not block NGF-induced sialidase activity [Figure 2.1E]. 

These latter data suggest that plasma membrane Neu3 and cytosolic Neu2 sialidases may not be 

the key players in NGF-induced sialidase activity. 

 

Primary cortical neurons express membrane sialidase activity following brain-derived 

neurotrophin factor (BDNF) stimulation. 

We also tested whether BDNF-induced sialidase activity could be observed in primary cortical 

neurons. Neurons were grown on 12 mm circular glass slides pre-coated with poly-D-lysine for 4 

days in neurobasal medium supplemented with B27 and penicillin-streptomycin (97).  After 

removing medium, 2.04 mM 4-MUNANA (4-MU) substrate in Tris buffered saline pH 7.4  was 

added to each well alone (control), with 200 ng/ml BDNF or in combination with  200 ng/ml 

BDNF and 400µM Tamiflu addition. As shown in Figure 2.2A, BDNF treatment of primary 

cortical neurons induces a strong sialidase activity within 1 min. as revealed by a halo of 
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fluorescence (blue color) surrounding the cells caused by the emission of free 4-

methylumbelliferone hydrolyzed from 4-MUNANA substrate compared with untreated control 

neurons. Tamiflu blocks BDNF-induced cellular sialidase activity in these neurons. 

 

If Tamiflu blocks BDNF-induced sialidase activity in primary neurons, we hypothesized that the 

neuraminidase inhibitor would also block BDNF-induced TrkB phosphorylation in primary 

cortical neurons.  Cortical neurons were stimulated with either 200ng/ml of BDNF for 15 min, in 

combination with 200µM Tamiflu addition for 30 min followed with 200ng/ml of BDNF for 15 

min or left untreated (control). Cells were fixed, permeabilized and stained with goat anti-pY490 

(pTrk) followed with Alexa Fluor594 rabbit anti-goat IgG, and visualized by epi-fluorescence 

microscopy. As shown in Figure 2.2B, Tamiflu significantly blocked BDNF-induced TrkB 

phosphorylation in primary cortical neurons.   

 

The effects of neuraminidase inhibitors on NGF-induced pTrk expression and TrkA activation 

To investigate the inhibitory effect of Tamiflu on NGF-induced pTrkA expression, TrkA-PC12 

cells were pretreated with 400 to 500 μM Tamiflu for 30 min followed by 50 ng/ml NGF or left 

untreated as controls were analyzed for pTrkA expression by flow cytometry (FACS) and 

Western blot. Cells were fixed, permeabilized and immunostained with FITC conjugated goat 

IgG anti-pTyr490 Trk. Cells pretreated with Tamiflu and stimulated with NGF revealed a shift in 

the FACS mean fluorescence (108.9) compared to NGF treated cells (131.2) for 98% gated cells 

[Figure 2.3A].To confirm Tamiflu inhibition of NGF-induced TrkA activation, TrkA-PC12 cells 

pretreated with Tamiflu and NGF were lysed, and the lysates were processed in a Western blot 

with goat anti-pTyr490 Trk antibody. The data in Figure 2.3B show that Tamiflu significantly 
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inhibited NGF-induced pTrkA compared to NGF treated cells. The blot of lysate from untreated 

control cells showed no pTrkA. 

 

We also tested whether NGF-induced sialidase activity can be observed in the cell suspensions of 

TrkA-PC12 cells. To 100 µl of cell suspension (3-4x10
6
 cells/ml) from 95% cell confluence in 

25-cm
2
 flasks of serum-free medium, 50 ng/ml NGF was added at different time intervals or was 

left untreated as controls.  The NGF-treated  and untreated cells (3x10
5
 cells) were immediately 

added to substrate buffer (20 mM Tris and 30 mM NaCl) containing aprotinin, leupeptin, 

phenylmethylsulphonylfluoride (PMSF) and 0.05 mM 4-MUNANA in cuvettes with or without 

the presence of 200µM of either Tamiflu, BCX-1812 or BCX-1827. The fluorescence intensity 

readings are immediately taken over 15 min using the Varian Cary Eclipse Fluorescence 

Spectrophotometer at low and medium PMT voltage detector settings using fluorescence 

emission at 450 nm and an excitation at 365 nm.  The sialidase activity in the cell samples (3x10
5
 

cells)  was calculated from a standard sialidase activity curve, and expressed as nano Units (nU) 

per mg of 4-MUNANA for the total cell number. Each bar in Figure 2.4A represents the 

mean±SEM of the sialidase activity corrected for the background endogenous sialidase activity in 

untreated cells from three independent experiments. The data clearly show that NGF induces 

sialidase activity in TrkA-PC12 cells within 15 sec, and this activity is blocked by neuraminidase 

inhibitors, Tamiflu, BCX-1812 and BCX-1827 [Figure 2.4B].  It is noteworthy that the rapid 

sialidase activity in the cell suspensions following NGF treatment suggests an early sialidase 

activity followed by a subsequent expression on the cell membrane as seen in Figures 2.1A and 

2.2A.  
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Tamiflu significantly inhibits NGF and BDNF-mediated cell differentiation (neurite 

outgrowth) and neuroprotection against oxidative stress 

In order to confirm that Tamiflu inhibits NGF-induced neurite outgrowth, neurite extensions were 

examined in NGF-treated TrkA-PC12 and BDNF-treated TrkB-nnr5 cells following pretreatment 

with Tamiflu.  When the cells were stimulated with 100 ng/ml NGF or 100 ng/ml BDNF for 3 

days in culture in the absence or presence of 200 or 500 µM Tamiflu, the cells extended neurites 

but these were significantly inhibited with Tamiflu [Figure 2.5]. These findings suggest that 

Tamiflu inhibition of cellular sialidase induced by NGF- or BDNF-stimulated Trk expressing 

cells not only blocks Trk phosphorylation but also prevents neurotrophic factor induced cell 

differentiation (neurite outgrowth). When TrkA-PC12 and TrkB-nnr5 cells were pretreated with 

Tamiflu for 30 min, the effects of both NGF- or BDNF-mediated cell survival responses against 

death caused by oxidative stress were significantly reduced when compared to NGF or BDNF 

treatments without inhibitors [Figure 2.6]. These results suggest that NGF and BDNF mediated 

neuroprotection against oxidative stress may involve cellular sialidase(s). 
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DISCUSSION 

 

Taken together with our previously published work (41, 43), the data presented here provide 

further evidence for a direct link between receptor glycosylation and activation of signal 

transducing receptors like Trk. These findings suggest a novel mechanism for Trk activation by 

neurotrophic growth factor binding. It is known that when NGF binds to TrkA, the subsequent 

signaling events appear to involve trafficking of the receptor into endosomes (85, 102-109) where 

they remain active (78, 79, 108, 110). For TrkA, endosomal signaling may be exclusively used. In 

contrast, the insulin EGFR receptor system may have dual properties where some signals are 

specifically generated from the cell surface while others appear to be generated from within 

endosomes (108). The results shown in Figures 2.1, 2.2A and 2.5 indicate an initial rapid 

activation of membrane sialidase(s) activity in TrkA expressing PC12 cells, which is only 

triggered by NGF treatment of the cells. The findings suggest that initial TrkA activation by NGF 

involves membrane sialidase prior receptor trafficking to endosomes. How this process of cellular 

sialidase(s) is induced by NGF binding to its receptor remains unknown as does the exact nature 

of the membrane sialidase(s).  

 

Several mammalian sialidases have been cloned and purified, and classified according to their 

subcellular localization (111). They are lysosomal (Neu1), cytosolic (Neu2) and plasma 

membrane bound (Neu3). A new sialidase named Neu4 was cloned from murine brain  and has 

similarities to Neu3 (112). There is evidence for a human sialidase (Neu4) localized to the 

mitochondrial (113) or  lysosomal lumen (33). Plasma membrane sialidase (Neu3) appears to 

specifically hydrolyze GM1 gangliosides (114-116). Lysosomal sialidase (Neu1) is a 

glycoprotein enzyme that is only active as a part of a molecular multi-enzymatic complex that 
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contains β-galactosidase and cathepsin A (117). Recent observations revealed that the 

intracellular distribution of sialidase encoded by the Neu1 gene is regulated by the signal 

sequence at the cytoplasmic tail, and that the sialidase can be detected within the lysosome matrix 

as well as in the plasma membrane under conditions of cell stimulation (32). More recent data 

have indicated that the lysosomal carboxypeptidase, cathepsin A, which forms a complex with 

and activates Neu1 in the lysosome, is sorted to the plasma membrane of the differentiating 

monocyte cells similarly to Neu1. Both proteins are first targeted to the lysosome and then sorted 

to the LAMP-2-negative, MHC II positive vesicles, which later merge with the plasma membrane 

(30). Among the sialidases, the cytosolic form Neu2 normally shows the lowest expression level. 

The cytosolic sialidase is mostly expressed in skeletal muscle (34, 118) as well as in the  liver 

(35), the thymus (36) and low levels in the brain (119). The enzymatic activity of cytosolic 

sialidase Neu2 was found to increase transiently only during differentiation of PC12 cells. These 

data suggest a possible involvement of cytosolic sialidase Neu2 in the differentiation of PC12 

cells (120). The crystal structure of human sialidase Neu2 has been reported in its free form and 

in complex with the neuraminidase inhibitor,
 

2-deoxy-2,3-dehydro-N-acetylneuraminic acid 

(DANA) (38).
 
Interaction between Neu2 and

 
DANA showed similarities with bacterial and viral 

counterparts
 
but also exhibited some differences in the active site arrangement

 
and dynamic 

nature of the loops containing residues responsible
 
for catalysis and substrate recognition.

 
For the 

plasma membrane sialidase Neu3, it has been shown that the TrkA receptor needs to interact with 

GM1 ganglioside in order to dimerize, get phosphorylated and trigger its signaling pathway (99-

101). GM1 is the product of Neu3 that, additionally, is the true membrane sialidase in plasma 

membrane (121, 122).  In fact, the neuraminidase inhibitor, oseltamivir has been found to block 

GM1 ganglioside-regulated excitatory in opioid receptor-mediated hyperalgesia (123). Because 
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plasma membrane sialidase Neu3 is specific for GM1gangliosides, this Neu3 sialidase could be 

involved in our NGF-induced sialidase activity. It is intriguing to speculate that Neu3 is not 

directly acting on Trk sialic acid, but nevertheless, could be activated upon NGF binding, which 

would in turn produce GM1 allowing TrkA dimerization and, eventually play a role in the further 

activation of other sialidases that would target Trk sialic acid. Actually, Da Silva et al (44) have 

recently demonstrated that over-expression of plasma membrane ganglioside sialidase Neu3 

(PMGS) in primary neurons produce a major increase in phosphorylated TrkA (pTrkA), which 

was further enhanced by NGF.  In fact, pTrkA was precipitated with GM1 when PMGS was over-

expressed, and the PMGS was shown to interact with pTrkA, especially after NGF stimulation 

(44). These results indicate that PMGS could lead to localized activity of Trk receptors but their 

effects maybe be directed only to pTrkA. Other studies have shown that Neuro-2a and NG108-15 

cells grown in the presence of a neuraminidase, an enzyme that increases the cell surface content 

of GM1, caused neurite outgrowth  which, in the case of Neuro-2a, could be blocked by the GM1 

specific cholera toxin subunit B (CTX-B). However, CTX-B agent applied to NG108-15 cells had 

no inhibitory effects (124). Since DANA (2-deoxy-2,3-dehydro-N-acetylneuraminic acid) is an 

inhibitor specific for plasma membrane ganglioside sialidase Neu3 (44) and cytosolic sialidase 

Neu2 (38) as well as CTX-B blocks GM1 ganglioside  from Neu3 interaction,  both DANA and 

CTX-B did not have any inhibitory effect on our NGF-induced sialidase activity in TrkA-PC12 

cells (see Figure 1E). Taken together, we speculate that the candidate cellular sialidase in our 

studies may be lysosomal sialidase Neu1 (30) or mitochondrial/lysosomal lumen Neu4 (113, 

125).  
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When TrkA-PC12 cells were pretreated with MAL-2 lectin, NGF-induced pTrkA was completely 

inhibited in a dose dependent manner (41). MAL-2 binding to sialyl -2,3-linked β-galactosyl 

residues on TrkA does not block NGF binding to TrkA. These results suggest that NGF-induced 

cellular sialidase activity targets sialyl -2,3-linked β-galactosyl residues of TrkA distant from 

NGF binding residues. For the Trk receptors, deletion and mutagenesis analyses of the 

ectodomains have identified a necessary and sufficient ligand-binding fragment as well as 

individual residues important for affinity and specificity (126-128). Furthermore, the crystal 

structure of the complex between NGF and the ligand-binding domain of TrkA clearly defines the 

orientation of NGF with respect to the membrane and elucidates specificity and binding for the 

entire family [see review (129)].  Of the five domains comprising its extracellular portion, the 

immunoglobulin-like domain proximal to the membrane (TrkA-d5 domain) is necessary and 

sufficient for NGF binding (130). The structure is consistent with results from mutagenesis 

experiments for all neurotrophins.  In  fact,  Arevalo et al (126) using different mutants of the 

TrkA extracellular regions found that elimination of the first or second Ig-like domain leads to  

activation of the receptor. These results suggested a role for both Ig-like domains in the 

stabilization of the monomeric form of the receptor, perhaps through repulsion that can be 

negated by ligand binding. The receptor activation caused by deletion of the first Ig-like domain 

was weak compared to that caused by deleting the second domain. The second Ig-like domain 5 

appears to be more critical in preventing spontaneous receptor dimerization, and this correlates 

with the more important role played by this domain in NGF binding (126, 130). Although the two 

Ig-like ligand binding domains of TrkA might be involved in blocking receptor homodimerization 

in the absence of ligand, it is unclear if and how the intracellular portions of Trks interact with 

each other. 
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We have previously identified a specific Trk desialylation by membrane sialidase(s), which is 

induced by neurotropic factor binding to Trk receptor. We propose that NGF-induced sialidase 

activity may be targeting the second Ig-like domain 5.  In fact, TrkA residues that are in contact 

with NGF in the NGF-TrkA-d5 complex have been sequenced (130). There are three N-linked 

asparagine residues that are in contact with NGF but a total of six residues that might be available 

for sialidase interaction. Ligand binding to its receptor activates membrane bound sialidase(s) that 

may specifically target and hydrolyze one or more of these six N-linked sialyl -2,3-linked β-

galactosyl residues of TrkA-d5 ectodomain. This subsequent sugar removal would facilitate 

receptor homodimerization, internalization and activation. In this report, we find that primary 

cortical neurons also express a vigorous membrane sialidase activity following stimulation with 

specific neurotrophic growth factors. Neuraminidase inhibitor, Tamiflu blocks sialidase activity 

induced by BDNF in primary cortical neurons. Furthermore, we demonstrate that Tamiflu has an 

inhibitory effect on NGF- or BDNF-mediated cell differentiation (neurite outgrowth) and survival 

responses against by oxidative stress. These observations suggest that NGF and BDNF mediated 

neuroprotection may involve cellular sialidase(s) as described previously (41), however, the exact 

nature of the cellular sialidase(s) induced by these neurotrophic factors binding to their respective 

Trk receptors remains unknown.   
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Figure 2.1.   NGF binding to TrkA induces sialidase activity in TrkA-PC12 cells but not in 

TrkA deficient PC12
nnr5

 cells.  TrkA-PC12 cells were grown on 12 mm circular glass slides in 

medium containing 5% horse and 4% fetal calf sera. (A) After removing medium, 2.04 mM 4-

MUNANA (4-MU) substrate [2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid] (Sigma) 

in Tris buffered saline pH 7.4 was added to each well alone (control), with 50 ng/ml NGF or in 

combination of NGF and 400 µM Tamiflu. (B) TrkA-PC12 cells were pretreated with 100 µg/ml 

MAL-2 for 45 min. or left untreated. After removing medium and washing, 2.04 mM 4-

MUNANA substrate in Tris buffered saline pH 7.4 was added to each well in combination with 

50 ng/ml NGF or alone.  (C) TrkA-deficient PC12
nnr5

 cells were used as described in (A) above.  

(D) Medium (20µL) was taken from indicated  wells and added to 20 ul of 4-MUNANA 

substrate. A positive control sialidase  (Clostridium perfringens) (Sigma) (10 ul; with a specific 

activity of 1U per 1.0 µmole of N-acetylneuraminic acid per minute) was added to 20 µL of 2.04 

mM 4-MUNANA substrate. (E) 4-MUNANA (2.04 mM) substrate in Tris buffered saline pH 7.4 

was added to each well alone (control), with 50 ng/ml NGF or in combination of NGF and 400 

µg/ml cholera toxin subunit B (CTX-B) or NGF and 500 μM DANA.  The substrate is 

hydrolyzed by sialidase to give free 4-methylumbelliferone which has a fluorescence emission at 

450 nm (blue color) following an excitation at 365 nm. Fluorescent images were taken after 10 

min using epi-fluorescent microscopy (40x objective). The data are a representation of one out of 

five independent experiments showing similar results. 
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Figure 2.2. (A) BDNF stimulated primary cortical neurons express membrane sialidase 

activity which is blocked by Tamiflu. Primary cortical neurons were grown on 12 mm circular 

glass slides pre-coated with poly-D-lysine for 4 days in neurobasal medium supplemented with 

B27 and penicillin-streptomycin (100IU/ml).  After removing medium, 2.04 mM 4-MUNANA 

(4-MU) substrate [2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid] (Sigma) in Tris 

buffered saline pH 7.4  was added to each well alone (control), with 200 ng/ml BDNF or in 

combination with  200 ng/ml BDNF and  400µM Tamiflu.  The data are a representation of one 

out of three experiments showing identical results.  (B)  Tamiflu blocks BDNF induced TrkB 

phosphorylation in primary cortical neurons.  Cortical neurons were stimulated with either 

200ng/ml of BDNF for 15 min, in combination with 200µM Tamiflu for 30 min followed with 

200ng/ml of BDNF for 15 min or left untreated (Control). Cells were fixed with 

paraformaldehyde, permeabilized and stained with goat anti-pY490 (pTrk) followed with Alexa 

Fluor 594 rabbit anti-goat IgG.  Fluorescent images were taken using epi-fluorescent microscopy 

(40x objective).  Quantitative analysis was done by assessing the density of cell staining corrected 

for background in each panel using Corel Photo Paint 8.0 software. Each bar in the figures 

represents the mean corrected density of staining ± SEM for all cells within the respective images 

from two experiments. The data are a representation of two out of three experiments showing 

identical results.  Significant differences at 95% confidence using Dunnett’s Multiple Comparison 

Test were determined compared to BDNF group as indicated.  
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Figure 2.3.  Flow cytometry analysis of Tamiflu inhibition of NGF-induced pTrkA 

expression in TrkA-PC12 cells. (A) Cells grown in 25 cm
2
 flasks at 90% confluence were 

treated with 500 µM Tamiflu in serum free medium for 24hr or left untreated.  They were 

stimulated with 50 ng/ml NGF for 15 min and immediately fixed, permeabilized and 

immunostained with FITC conjugated IgG goat anti- pY490 Trk antibody. Cells were analyzed 

by Beckman Coulter Epics XL-MCL flow cytometry and Expo32 ADC software (Beckman 

Coulter). Overlay histograms are displayed. Untreated control cells are represented by the black-

filled histogram. Cells pretreated with Tamiflu and stimulated with NGF are depicted by the gray-

filled histogram. Cells treated with NGF are depicted  by the unfilled histogram with the black 

line. The mean fluorescence for each histogram is indicated for 7000 acquired cells (98% gated). 

The data are a representation of one out of three experiments showing similar results. (B) 

Western blot analysis of Tamiflu inhibition of NGF-induced pTrkA expression. Cells were 

grown in 75 cm
2
 flasks at 90% confluence. They were pretreated with 500 µM Tamiflu in serum 

free medium for 24hr or left untreated. Cells were stimulated with 50 ng/ml NGF for 15 min and 

immediately lysed in 500 µL of 1x SDS sample buffer. To each cell lysate was added 3% 2-

mercaptoethanol and boiled for 10 min. Cell lysates were resolved by 8% SDS-PAGE gel, and 

the blots probed with polyclonal goat anti-pY490 Trk antibody followed by  HRP conjugated 

secondary anti-goat IgG antibody, and Western Lightning Chemiluminescence Reagent Plus. 

Sample concentration for gel loading was determined by BioRad reagent. Quantitative analysis 

was done by assessing the density of 140 kDa band corrected for background pixels in each lane 

using Corel Photo Paint 8.0 software. Each bar in the figure represents the mean corrected density 

of band ± SEM for five replicate measurements (n=5). Significant difference at 95% confidence 

was done using Dunnett’s Multiple Comparison Test compared to NGF group. The data are a 

representation of one out of four experiments showing similar results.  
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Figure 2.4. NGF-induced sialidase activity in cell suspensions of TrkA-PC12 cells. TrkA-

PC12 cells at 90% confluence in 25-cm
2
 flasks were resuspended  in 500 µl of serum-free 

medium. (A) To 3-4x10
5
 total cells was added 50 ng/ml NGF at indicated times and the 

remaining cells were left untreated as controls. The sialidase activity in the cell samples was 

calculated from a standard sialidase activity curve, and expressed as nano Units per mg of 4-

MUNANA after subtracting endogenous background sialidase activity in untreated cells. The 

mean±SEM of the  background endogenous sialidase activity in the control untreated TrkA-PC12 

cells was 1.07±0.43 nU per mg 4-MUNANA taken from four independent experiments.   (B) To 

1.4x10
6
 total cells  was added 50 ng/ml NGF for 15 minutes and the remaining cells were left 

untreated as controls.  The NGF-treated  and untreated cells were added to substrate buffer (20 

mM Tris and 30 mM NaCl) containing aprotinin, leupeptin, PMSF and 0.05 mM 4-MUNANA in 

cuvettes with or without the presence of 200µM of either Tamiflu, BCX-1812 or BCX-1827. The 

fluorescence intensity readings were immediately taken over 15 min. using the Varian Cary 

Eclipse Fluorescence Spectrophotometer at low and medium  PMT voltage detector settings. The 

substrate, 4-MUNANA, is hydrolyzed by sialidases to give free 4-methylumbelliferone which has 

a fluorescence emission at 450 nm following an excitation at 365 nm.  The sialidase activity in 

the cell samples was calculated from a standard sialidase activity curve, and expressed as nano 

Units per mg of 4-MUNANA for 1.4x10
6
 total cells. Each bar in the figure represents the 

mean±SEM  of the sialidase activity  from  two to three independent experiments (n). Asterisk (*) 

represents significant differences at 95% confidence using Dunnett’s Multiple Comparison Test 

compared to control in each group. 

 

  



 

53 

 

 

 

 

 

 

 

 

 

 

 

  



 

54 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5.  Tamiflu inhibits neurite outgrowth in NGF-stimulated TrkA-PC12 cells and 

BDNF-stimulated TrkB-nnr5 cells.  Cells were grown on 12 mm circular glass slides pre-coated 

with poly-D-lysine either in medium containing 5% horse serum and 3% FBS for 3 days (CTRL), 

in medium containing 100ng/ml of NGF for TrkA-PC12 cells or 100 ng/ml BDNF for TrkB-nnr5 

cells, or in combination with 200 to 500µM Tamiflu and NGF or BDNF with respective cells. 

Cells were fixed, permeabilized and stained with phalloidin-rhodamine. Cell staining was 

analyzed qualitatively using epi-fluorescence microscopy and quantitatively by counting the 

number of cells with multiple neurite extensions (≥200 of the total cells; one or more extensions 

greater than 2 cell bodies in length). The data are a representation of one out of three experiments 

showing identical results.  Significant differences at 95% confidence was done using Dunnett’s 

Multiple Comparison Test compared to ligand in each group. 
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Figure 2.6. Tamiflu blocks NGF- and BDNF-mediated neuroprotection against oxidative 

stress in TrkA-PC12 (A) and TrkB-nnr5 (B) cells. Cells were pretreated with 200 µM Tamiflu 

for 30 minutes. After washing, the cells were stimulated with either NGF or BDNF for 15 min 

prior to exposure to 0.1 mM H2O2 for 60 min.  Cell viability was assessed by acridine 

orange/ethidium bromide staining. For total cell count of  200, the percentage of viable cells is 

indicated for each of the groups. Data represent the mean±SEM of independent experiments 

(n=6). Asterisks ( ) represents significant differences at 95% confidence using Dunnett's Multiple 

Comparison Test compared to the untreated control group.  
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ABSTRACT 

 

 

The signaling pathways of mammalian Toll-like receptors (TLR) are well characterized, but the 

molecular mechanisms controlling initial interactions between the receptors and their ligands 

remain poorly defined. Here, we show a membrane sialidase-controlling mechanism that is 

initiated by ligand binding to TLR-2, -3 and -4 to induce Neu1 sialidase activity within seconds. 

We also show preliminary evidence that activated Neu1 hydrolyzes sialyl -2,3-linked β-

galactosyl residue(s) to facilitate TLR dimerization, MyD88-TLR interaction and TLR activation. 

Central to this process is that Neu1/TLR complexes are already found on the cell membrane in 

naïve or TLR-ligand stimulated cells. TLR4 endotoxin LPS activates Neu1 to induce NFκB 

activation and the induction of nitric oxide and pro-inflammatory IL-6 and TNFα cytokines in 

primary macrophages or cell lines. Hypomorphic cathepsin A mice with a secondary Neu1 

deficiency respond poorly to LPS induced pro-inflammatory cytokines compared to the wild-type 

or hypomorphic cathepsin A with normal Neu1 mice. Our findings establish an unprecedented 

mechanism for pathogen molecule-induced TLR activation and cell function, which is tightly 

regulated by Neu1 sialidase. 
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CHAPTER 3 

 

PATHOGEN MOLECULE-INDUCED TOLL-LIKE RECEPTOR ACTIVATION AND CELL FUNCTION 

ARE REGULATED BY NEU1 SIALIDASE 

 

 

INTRODUCTION 

 

Mammalian Toll-like receptors (TLRs) are a family of receptors that recognize pathogen-

associated molecular patterns. They play key roles in activating immune responses during 

infection by linking the host’s innate and adaptive immune responses against pathogen infections. 

Studies of the crystal structure at 2.1 angstroms of the human TLR3 ectodomain (ECD) reveal a 

large horseshoe-shaped solenoid which is highly glycosylated with several N-linked glycosylation 

sites contributing significantly to the additional mass of hTLR3 ECD (131). When TLR3 

glycosylation was inhibited with tunicamycin, TLR3-induced NFκB activation is prevented 

(132). To date, the precise role of N-linked glycosylation in TLR receptor activation and cellular 

function following their pathogen-molecule interactions has not yet been defined.  

       

Insight for the role of glycosylation in TLR activation came from the well-characterized model of 

the TrkA tyrosine-protein kinase receptor family, which functions as signaling receptors for the 

neurotrophin family of molecules of nerve growth factor (NGF). For NGF TrkA receptors, 

glycosylation of the receptor is required to localize the receptors to the cell surface where it 

prevents ligand-independent activation of receptors (133). Recently, we discovered a membrane 

sialidase-controlling mechanism that depends on neurotrophin growth factors binding to their 

specific TrkA and TrkB receptors to induce sialidase activity (41, 134). The sialidase targets and 
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desialylates Trk and, consequently causes the induction of receptor dimerization and activation. 

We also identified a specific sialyl -2,3-linked β-galactosyl sugar residue of TrkA, which was 

rapidly targeted and hydrolyzed by the activated sialidase (41).  

 

Four mammalian sialidases have been identified and are classified according to their subcellular 

localization (135). They are lysosomal (Neu1), cytosolic (Neu2) and plasma membrane bound 

(Neu3) sialidases. The plasma membrane Neu3 sialidase appears to be specific for ganglioside 

GM1 (136-138). The fourth sialidase, Neu4, is localized to either the mitochondrial (139) 

compartment or the lysosomal lumen (140). Moreover, the lysosomal Neu1 sialidase is a 

glycoprotein enzyme that is only active as a part of a molecular multi-enzymatic complex that 

contains β-galactosidase and cathepsin A (141). The findings indicate that the lysosomal 

carboxypeptidase called cathepsin A, which forms a complex with and activates Neu1 in the 

lysosome, is sorted to the plasma membrane of the differentiating monocyte cells similarly to 

Neu1 sialidase. Both proteins are first targeted to the lysosomal compartment and are then sorted 

to the LAMP-2-negative, MHC II positive vesicles, which later merge with the plasma membrane 

(30). Stamatos and colleagues (27) have also shown that only lysosomal Neu1 and plasma 

membrane-associated Neu3 are detectable in naïve and activated human T lymphocytes. In 

activated T lymphocytes, there was a nine-fold increase in the Neu1-specific activity while the 

Neu3 activity changed minimally. This cell surface Neu1 was identified to be tightly associated 

with a subunit of cathepsin A and the resulting complex influences cell surface sialic acid in 

activated cells and the production of IFNγ. It has also been shown using Neu1-deficient mice that 

they produce markedly less IgE and IgG1 antibodies following immunization with protein 

antigens, which was the result of their failure to produce IL4 cytokine (142).  In another study, 
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Neu1 was found to negatively regulate lysosomal exocytosis in hematopoietic cells where it 

processes the sialic acids on the lysosomal membrane protein LAMP-1 (143).  

 

With regard to TLR receptors, Barton and colleagues (144) have demonstrated that TLR7 and 

TLR9 exit the endoplasmic reticulum and travel to endolysosomes in mouse macrophages and 

dendritic cells. In this compartment, the ectodomains of TLR9 and TLR7 are cleaved. Although 

both the full-length and cleaved forms of TLR9 were still capable of binding ligands, only the 

processed TLRs become functional receptors. Taken all together, the potential significance of the 

role of Neu1 sialidase may be three-fold. Firstly, glycosylated receptors may have a default 

sorting route travelling from the endoplasmic reticulum to the lysosomal compartments. 

Secondly, Neu1 may be a requisite intermediate in regulating receptor activation, and thirdly it 

influences the glycosylation of receptors in modulating their activities. The precise mechanism of 

how Neu1 influences receptor activation and cell function remains unknown. 

 

We report here for the first time, evidence showing that TLR2, TLR3 and TLR4 are complexed to 

Neu1 sialidase on the cell membrane. Furthermore, it appears that Neu1 sialidase is induced upon 

ligand binding to it specific TLR and that this event may be critical in mediating TLR signaling 

and cell function. 
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MATERIAL AND METHODS 

 

Cell lines 

BMC-2 macrophage cells (145) and DC2.4 dendritic cells (146) were obtained from Dr Ken L. 

Rock, University of Massachusetts Medical School, Worcester, MA.  The HEK293 parental cell 

line was a gift from Dr Leda Raptis. THP-1 cells (obtained from American Type Culture 

Collection [ATCC])
 
were grown in 1x IMDM medium supplemented with 5%

 
FCS. Stable HEK-

TLR cells were obtained by calcium phosphate transfection of a pCDNA3 expession vector for a 

specific chimeric TLR with an in frame C-terminal YFP and selection in 0.4 μg/ml G418. The 

HEK-TLR4/MD2 cell line was generated by additional co-transfection of an expression plasmid 

for human MD2. All cells were grown at 37
o
C in 5% CO2 in culture media containing DMEM 

(Gibco, Rockville, MD) supplemented with 5% horse serum (Gibco) and 3% fetal calf serum 

(HyClone, Logan, Utah, USA).  

 

TLR ligands 

TLR4 ligand lipopolysaccharide (LPS, 1fg/mL to 3µg/mL, from Serratia marcescens and purified 

by phenol extraction), TLR2 ligand Zymosan A (200 µg/ml, from Saccharomyces cerevisiae) and 

TLR3 ligand polyinosinic-polycytidylic acid (poly I:C, 20 µg/ml) (Sigma) were used at 

predetermined optimal dosage. TLR2 ligands killed Mycobacterium butyricum (5 µg/ml, DIFCO) 

and killed highly virulent human Brazil strain Trypanosoma  cruzi   parasites (2x10
6 
parasites/ml) 

(kind gift from Dr. Cheryl Davis, Western Kentucky University, Bowling Green, KY, USA) were 

used at predetermined optimal dosage. Tamiflu (pure oseltamivir phosphate, Hoffmann-La Roche 

Ltd., Mississauga, Ontario, Lot # BS00060168) was used at indicated concentrations as well as 
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BCX-1812 and BCX-1827 (BioCryst Pharmaceuticals Inc., Birmingham, AL), DANA (2-deoxy-

2,3-dehydro-d-n-acetylneuraminic acid, Sigma), zanamivir, oseltamivir phosphate and 

oseltamivir carboxylate  (pure compounds obtained from Prof. Mark von Itzstein, Griffith 

University Institute for Glycomics, Queensland).  The optimal dose of 200 ng T. cruzi trans-

sialidase (TS) per ml has been predetermined (147). 

 

Primary mouse bone marrow macrophage cells 

Bone marrow (BM) cells were flushed from femurs and tibias of mice with sterile Tris-buffered 

saline (TBS) solution.  The cell suspension was centrifuged for 3 min at 900 rpm, and the cell 

pellet resuspended in red cell lysis buffer for 5 min. The remaining cells were washed once with 

sterile TBS, and then resuspended in RPMI medium supplemented with 10% fetal calf serum, 

20% monocyte colony-stimulating factor (M-CSF) and 1x L-glutamine-penicillin-streptomycin 

(Sigma-Aldrich Canada Ltd., Oakville, Ontario) sterile solution. The primary BM macrophages 

were grown on 12mm circular glass slides in RPMI supplemented medium for 7 days in a 

humified incubator at 37
0
C and 5% CO2. Primary BM macrophage cells by day 7 are more than 

95% positive for F4/80 as detected by flow cytometry. 

 

Sialidase activity in viable cells 

Primary bone marrow macrophages and TLR-expressing cells were grown on 12 mm circular 

glass slides in conditioned medium as described. After removing medium, 2.04 mM 4-MUNANA 

(4-MU) substrate  [2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid] (Sigma-Aldrich) in 

Tris buffered saline pH 7.4  was added to each well alone (control), with predetermined dose of 

TLR specific ligand, or in combination of ligand and 200-500 µM Tamiflu at indicated doses. 
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Additionally, cells were pretreated with 1-100 µg/ml MAL-2 or SNA for 45 min or left untreated. 

After removing medium and washing, 2.04 mM 4-MUNANA substrate in Tris buffered saline pH 

7.4 was added to each well either alone or  in combination with TLR specific ligand as previously 

described (41). The substrate is hydrolyzed by sialidase to give free 4-methylumbelliferone which 

has a fluorescence emission at 450 nm (blue color) following an excitation at 365 nm. Fluorescent 

images were taken after 1 to 5 minutes using epi-fluorescent microscopy (40x objective).  

 

Immunocytochemistry of NFκB 

Primary BM macrophages and TLR-expressing cells were pretreated with pure Tamiflu at 

indicated concentrations for 1 hr followed with predetermined dose of TLR specific ligand for 45 

min. Cells were fixed, permeabilized, and immunostained with rabbit anti-NFκBp65 (Rockland, 

Gibertsville, PA), or rabbit anti-IκBα (Rockland) antibodies followed with Alexa Fluor594 goat 

anti-rabbit IgG. Stained cells were visualized by epi-fluorescence microscopy using a 40x 

objective.  Quantitative analysis was done by assessing the density of cell staining corrected for 

background in each panel using Corel Photo Paint 8.0 software. Each bar in the figures represents 

the mean corrected density of staining ± SEM for all cells (n) within the respective images. P 

values represent significant differences at 95% confidence using Dunnett’s Multiple Comparison 

Test compared to control (Ctrl) in each group.  

 

Nuclear extracts and Electrophoretic mobility shift assay (EMSA) 

Nuclear extracts of HEK-TLR4 cells were prepared by harvesting the cells after treatment with 

LPS and Tamiflu as described. Cells were lysed in a buffer consisting of 100mM HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), 100mM KCl, 100 EDTA (ethylenediamine 
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tetraacetic acid), 100mM DTT (dithiothreitol), protease inhibitors and 10% NP-40 (Nonidet-P40). 

The lysates were incubated on ice for 10 min and centrifuged at 13,000 rpm for 3 min. The pellets 

were resuspended in 100mM Hepes, 2M NaCl, 5mM EDTA and 50% glycerol, incubated on ice 

again for 2 hours and then centrifuged at 13,000 rpm for 5 min. The supernatant containing the 

nuclear extracts were stored frozen.  Electrophoretic mobility shift assay was employed to  detect 

NF-κB DNA binding activity using a 3’ biotinylated double-stranded oligonucleotide sequence 5' 

AGT TGA GGG GAC TTT CCC AGG C 3' (Operon Biotechnologies Inc., Huntsville, AL) 

against the NF-κB binding site. The reaction volumes were 20 µl comprising of 20 µg of nuclear 

extract incubated at room temperature for 30 mins with 5 ng of the biotinylated oligonucleotide 

probe in binding buffer (Pierce Lightshift Chemiluminescent EMSA kit, Rockford, USA). The 

NF-κB bound to oligonucleotide was detected on a 5% polyacrylamide gel in Tris/Glycine 

running buffer at 20 mA constant current. The gel was transferred onto a PVDF membrane and 

cross-linked by UV radiation for 3 min. The blot was probed with Streptavidin-HRP at a dilution 

of 1:300 for 15 mins at room temperature followed with Western Lighting Chemiluminescence 

(PerkinElmer Life Sciences, Boston). 

 

Neu1 Colocalization with TLR4 

Primary BM macrophages obtained from normal, wild-type (WT), CathA KI (normal Neu1 and 

cathepsin A inactive) and  Neu1-CathA KD (Neu1 deficient and cathepsin A deficient) mice  

were cultured in RPMI medium supplemented with 20% M-CSF, 10% FCS and Penn/Strep/Glut 

for 8 days on circular glass slides in 24 well tissue culture plates.  Cells were stimulated with 5 

µg/ml LPS for 5 min or left untreated as controls. Cells were fixed, permeabilized, and 

immunostained with rat anti-TLR4/MD2 (MTS510, Santa Cruz Biotech) and rabbit anti-Neu1 
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(Abcam Inc., Cambridge, MA) followed with Alexa Fluor594 goat anti-rabbit IgG or Alexa 

Fluor488 rabbit anti-rat IgG. Stained cells were visualized using a confocal inverted microscope 

(Leica TCS SP2 MP inverted Confocal Microscope) with a 40x or  100x (oil) objectives. Images 

were captured using a z-stage of 8–10 images per cell at 0.5-mm steps.   

 

Western blots and co-immunoprecipitation 

HEK-TLR4/MD2 cells are left cultured in media or in media containing 5 μg/mL LPS for 5 min. 

Cells are pelleted and lysed. Cell lysates are immunopreciptated with either 2 µg of rat anti-

TLR4/MD2 (MTS510, Santa Cruz Biotech) antibodies for 18 hrs. Following 

immunoprecipitation, complexes are isolated using protein G magnetic beads and resolved by 8% 

gel electrophoresis (SDS-PAGE). Western blot analyses were performed on cell and nuclear 

lysates. Proteins are transferred to PVDF membrane blot. The blot is probed for either Neu1 (45.5 

kDa) with anti-Neu1 (Abcam), NFkBp65 with anti-NFκBp65 (relA) (Rockland 

Immunochemicals, Inc., Gilbertsville), IκBα with anti-IκBα (Rockland), NFKB p65 (Rel A) 

phospho specific pS529 with anti-pS529 (Rockland) or TLR-2 and -4 with respective anti-TLR 

antibodies followed by HRP conjugated secondary IgG antibodies and Western Lightning 

Chemiluminescence Reagent Plus. The initial IP blot is stripped and further probed for described 

proteins. The chemiluminescence reaction is analyzed with either a Fluorchem HD2 Imaging 

System (Alpha Immunotech, San Leandro, CA, USA) or x-ray film.  Sample concentration for gel 

loading was determined by Bradford reagent.  
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Flow cytometry 

Monocytic THP-1 cells grown in 25-cm2 flasks at 90% confluence were treated with 3 μg/ml 

LPS for 16 or 48 hrs in the presence or absence of 200 and 400 μM Tamiflu. They were fixed and 

immunostained with fluorescein conjugated anti-IL-6 antibody (16 hrs) or anti-TNFα antibody 

(48 hrs). 10,000 cells were acquired on a Beckman Coulter (Miami, FL) Epics XL-MCL flow 

cytometer and analyzed with Expo32 ADC software (Beckman Coulter). For overlay histograms, 

untreated control cells are represented by the gray-filled histogram. Cells treated with LPS are 

depicted by the black line. Cells treated LPS and Tamiflu are depicted by the gray-solid line (200 

μM Tamiflu) or gray-dashed line (400 μM Tamiflu).  

 

Nitric oxide assay 

Nitric oxide (NO) production was measured using Griess reagent as described previously (148). 

DC2.4 dendritic cells (200 µl/well) were cultured in phenol-red free RPMI media (Invitrogen, 

Ontario) containing 5% FCS (Hyclone Canadian) at 50,000 cells/well in 96-well round-bottom 

culture plates (Corning Inc.). The samples were placed in a 5% CO2 humidified incubator at 37°C 

for 18 hr. All the reagents for the NO assay were purchased from Sigma-Aldrich (Oakville, 

Ontario).  Cell-free culture supernatants (100 µl/well) were placed in a 96-well NUNC flat 

bottomed MicroWell plate (Corning Inc.) and sulphanilamide solution (50 µl) [1% w/v 

sulfanilamide in 5% w/v phosphoric acid] was added to each well. The plate was incubated in the 

dark for 10 min at room temperature, after which NED solution (50µl) [0.1% w/v N-1-

napthylethylenediamine dihydrochloride in water] was added followed by another 10 min 

incubation. Absorbance of the samples was measured at 540 nm using a Varioskan 

spectrophotometric microplate reader (Thermo Electron Corp., Finland). Sodium nitrite (0-100 
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µM) (Fisher Scientific, Whitby, ON) dissolved in phenol-red free RPMI was used to generate a 

standard concentration curve. 

 

Cytokine array profiling and ELISA 

Mice were bled before (no LPS) and 5 hours after i.p. injection with 2.5 mg of LPS per mouse. 

Serum was extracted and immediately analyzed for cytokine array profiling with R&D System 

Cytokine Array Profiling ARY066 kit (R&D Systems, Inc., Minneapolis) according to kit 

protocol. Quantitative analysis was done by assessing the density of cell staining corrected for 

background in each panel image using Corel Photo Paint 8.0 software. The serum was further 

analyzed for IL6 cytokine using the mouse IL6 ELISA Ready-set-go kit (eBioscience Inc., San 

Diego, CA) according to kit protocol.  

 

Statistics   

Comparisons between two groups were made by one-way ANOVA at 95% confidence using 

unpaired t-test and Bonferroni’s Multiple Comparison Test or Dunnett’s Multiple Comparison 

Test for comparisons among more than two groups.  
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RESULTS 

 

Ligand binding to TLRs induces membrane sialidase activity in DC2.4 dendritic and BMC-2 

macrophage cells 

We used a recently developed assay to detect sialidase activity on the surface of viable cells (41). 

We found that zymosan A (TLR-2), poly I:C (TLR-3) and lipopolysaccharide (LPS) (TLR-4) 

ligands induced sialidase activity on the cell surface of BMC-2 macrophage (145) and DC2.4 

dendritic (146) cell lines. This activity was revealed by an uniform fluorescence (λem 450 nm) 

surrounding the cells treated with the fluorogenic sialidase substrate, 4MU-NeuAc (2’-(4-

methylumbelliferyl)-α-D-N-acetylneuraminic acid) and caused by the emission of 4-

methylumbelliferone [Figure 3.1A]. Moreover, this fluorescence was observed within 1 min 

(shown) and continued over a 5 min duration (not shown).  

 

When primary mouse bone marrow (BM) derived macrophages were treated with the same TLR 

ligands, we obtained similar results to those found for the cell lines [Figure 3.1B]. However, the 

TLR3 ligand polyI:C did not induce sialidase activity in these primary macrophages in contrast to 

what was seen in BMC-2 and DC2.4 cells. These latter data supported previous findings that 

transformed macrophage and dendritic cells may express TLR3 on the membrane, while this 

receptor is absent from the membrane in primary mouse macrophage cells (149).  The LPS-

induced sialidase activity in BMC-2 cells was also found to be dose dependent and was detectable 

at 1 fg/mL of LPS [Supplemental Figure 3.1]. In a previous published report, we have shown 

that this sialidase activity is not due to a form of secreted or shed sialidase from the cells (41). 
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Specificity of TLR ligand induced membrane sialidase activity 
 

If TLR receptors are involved in the process of activating sialidase(s), we should not expect to see 

this activity in ligand-treated TLR-deficient HEK-293 cells compared to HEK cells stably 

transfected with TLR2, TLR3 or TLR4/MD2. The data showed this to be the case [Figure 3.2]. 

Only TLR ligands specific for their receptors induced sialidase activity. Although TLR2 ligands 

induce sialidase activity in our HEK-TLR2 cells, and TLR2 receptors rarely homodimerize, 

HEK293 cells constitutively express TLR1 in the cytoplasm (150). Transfection of HEK293 cells 

with wild-type TLR2 is sufficient to confer responsiveness to both araLAM and zymosan (151). 

In addition, soluble CD14 in the serum conditioned medium would interact with ligand activated 

TLR2 (152, 153)  to induce NF B activation. The same would be true for HEK-TLR4/MD2 cells.  

 

Tamiflu blocks TLR ligand induced NFκBp65 activation 

Next, we tested whether neuraminidase inhibitors would block TLR ligand induced sialidase 

activity. The induced sialidase activity was completely blocked by the neuraminidase inhibitor 

Tamiflu (oseltamivir phosphate, GS4104) [Figure 3.1A, B] in a dose dependent manner 

[Supplemental Figure 3.2]. In contrast, other purified neuraminidase inhibitors such as BCX-

1812, BCX-1827, DANA (2,3-didehydro-2-deoxy-N-acetylneuraminic acid), zanamivir (4-

guanidino-Neu5Ac2en), and oseltamivir carboxylate at high doses had no effect [Supplemental 

Figure 3.1B]. Oseltamivir
 
phosphate (GS4104) is the ethyl ester prodrug that is converted

 
to the 

biologically active oseltamivir carboxylate in vivo (154).
 
Moreover, Tamiflu significantly blocked 

LPS-induced NFκB activation and its translocation to the nucleus in HEK-TLR4/MD2 cells 

[Figure 3.3A, B] as well as in BMC-2 macrophage and DC2.4 dendritic cells [Supplemental 

Figure 3.3]. Nuclear extracts of LPS-treated HEK-TLR4/MD2 cells contained the specific active 
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form of NFκB DNA binding activity which was reduced to control levels in cells pretreated with 

Tamiflu [Figure 3.3C]. Anti-NFκBp65 antibodies blocked NFκB binding to the oligonucleotide 

during the reaction, confirming the specificity of the NFκB binding reaction [Figure 3.3D]. 

 

 

TLR ligand induced membrane sialidase targets sialyl -2,3-linked β-galactosyl residue(s) of 

TLR receptor 

To determine the sialyl residue(s) involved in the activation of TLR, it should be possible to 

prevent TLR activation by blocking sialyl residues with specific lectins prior to ligand 

stimulation. Here, HEK-TLR4/MD2 cells were pretreated with Maackia amurensis lectin (MAL-

2, specific for α-2,3-sialyl linked β-galactosyl residues) and  with Sambucus nigra lectin (SNA, 

specific for α-2,6-sialyl residues) prior to LPS stimulation. MAL-2 blocks LPS-induced NFκB 

activation in a dose dependent manner while SNA has no effect [Figure 3.4A]. LPS binding to 

TLR-4 is not blocked by either MAL-2 or SNA prior treatment of HEK-TLR4/MD-2 cells 

[Figure 3.4B]. Together, these results emphasize the importance of sialyl α-2,3-linked β-

galactosyl residues of TLR4 distant from LPS binding sites as targets for  membrane sialidase.   

 

If LPS-induced TLR4 activation involves the hydrolysis of sialyl α-2,3-linked β-galactosyl 

residues, then MAL-2 binding to activated TLR4 should have a markedly reduced colocalization 

compared with non-activated TLR4.  MAL-2 colocalizes (98% overlay) with non-activated TLR4 

in HEK-TLR4/MD2 cells but with reduced colocalization (77% overlay) with LPS-activated 

TLR4 [Figure 3.4C]. Thus, it appears that LPS-activated TLR4 receptors may have fewer sialyl 

α-2,3-linked β-galactosyl residues compared with non-activated TLR4. The reduced MAL-2 

colocalization with LPS-activated TLR4 is reversed by pretreatment of cells with Tamiflu or anti-
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Neu1 neutralizing antibody. In contrast, anti-Neu3 antibody has much less effect in reversing 

MAL-2 colocalization with activated TLR4. These data suggest that LPS-induced TLR 

desialylation is mediated by Neu1 sialidase, which involves sialyl α-2,3-linked β-galactosyl 

residues. 

 

 

Exogenous α-2,3-sialyl specific neuraminidases induce NFκB activation in BMC-2 

macrophage cells 

 In support of sialyl α-2,3-linked β-galactosyl residues of TLR in signaling, purified catalytically 

active Trypanosoma cruzi  trans-sialidase (TS) or recombinant α2,3-neuraminidase 

(Streptococcus pneumoniae) as previously described (147)  treatment of BMC-2 cells for 45 min 

induce NFκB activation localized to the nucleus with concomitant loss of IκBα similar to the 

stimulation with LPS [Figure 3.5]. In contrast, cells treated with the inactive mutant TSAsp98-

Glu show more IκBα staining with little NFκB activation. These results suggest that cell 

stimulation by α-2,3-sialyl specific neuraminidases results in NFκB activation.   

 

Identification of Neu1 sialidase in ligand-induced TLR activation 

To identify the membrane sialidase activated by TLR ligands, we used primary BM macrophages 

derived from the hypomorphic cathepsin A mice with the secondary ~90% reduction of the Neu1 

activity (Neu1-CathA KD). All TLR ligands, except TLR3 ligand polyI:C, induced sialidase 

activity within 1 min in wild-type (WT), CathA KI (normal Neu1 sialidase bound to inactive 

cathepsin A Ser190Ala mutant) (155) and Neu4 KO (Neu4 knockout) (156)  primary BM 

macrophage cells [Figure 3.6A]. This sialidase activity was also blocked by Tamiflu or anti-

Neu1 neutralizing antibody but not by anti-Neu3 antibody. Primary BM macrophage cells from 
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Neu1-deficient mice (Neu1-CathA KD) exhibited no TLR ligand induced sialidase activity. These 

latter data provided evidence that Neu1 sialidase is involved in TLR activation.  

 

To determine whether Neu1 sialidase regulates TLR ligand induced NFκB activation, we used 

primary BM macrophage cells derived from the Neu1-deficient mice. TLR4 ligand LPS and 

TLR2 ligand zymosan-A induced NFκB activation localized to the nucleus in  primary 

macrophage cells from WT [Figure 3.6B] and CathA KI [Figure 3.6C] mice but not from the 

Neu1-deficient mice (Neu1-CathA KD) [Figure 3.6D]. Moreover, when primary BM 

macrophages from Neu1 deficient mice were treated with purified T. cruzi trans-sialidase (TS) for 

45 min in the absence of TLR ligands, the cells exhibited NFκB activation localized to the 

nucleus [Figure 3.6D]. Previously, we have demonstrated that T. cruzi TS specifically hydrolyes 

sialyl -2,3-linked β-galactosyl residues of glycosylated TrkA receptors (42). Interestingly, 

exogenous α-2,3-sialyl specific neuraminidase can override the Neu1-deficiency to activate NFκB 

in primary BM macrophage cells.  

 

 

Removal of sialyl -2,3 residues by Neu1 sialidase is essential for TLR4-MyD88 interactions 

To confirm that Neu1 sialidase activity is essential for TLR4-MyD88 interactions, TLR4 is 

immunoprecipitated in cell lysates from untreated and LPS-stimulated HEK-TLR4/MD2 cells, 

and the blot probed for MyD88 (33 kDa) with anti-MyD88 antibody. The blot is stripped and 

further probed for TLR4 with anti-TLR4 antibody. MyD88 co-immunoprecipitates with activated 

TLR4 in LPS-stimulated HEK-TLR4/MD2 cells but to a lesser degree from cells pretreated with 

Tamiflu or MAL-2 lectin [Figure 3.7A].  
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If Neu1 sialidase activity plays an important role in TLR dimerization by removal of  sialyl -2,3 

residues prior to MyD88-TLR interactions, we asked whether MyD88 would colocalize with 

activated TLR4 in LPS stimulated primary BM macrophages from WT, CathA KI and Neu1-

CathA KD mice. MyD88 colocalizes with activated TLR4 in LPS-stimulated primary BM 

macrophages from WT and CathA KI mice, but minimally in cells with Neu1-deficiency [Figure 

3.7B]. Furthermore, MAL-2 pretreatment of primary BM macrophages from WT mice results in a 

reduction in MyD88 colocalization with activated TLR4 compared with LPS-stimulated cells 

[Figure 3.7C]. These results suggest that Neu1 sialidase activity is essential for TLR4 

dimerization and subsequent TLR4/MyD88 interactions. 

 

 

Neu1 sialidase co-immunoprecipitates with TLR2, TLR3 and TLR4 

Since Neu1 sialidase is categorized as a lysosomal storage enzyme and it is induced on the cell 

membrane by TLR ligands within a minute, we asked how Neu1 can rapidly associate with TLR4 

receptors. Using confocal microscopy, Neu1 was found on the cell surface in naïve BMC-2 

macrophage cells [Figure 3.8A]. Furthermore, Neu1 colocalized with naïve or LPS-stimulated 

TLR4 in primary BM macrophage cells [Figure 3.8 B,C]. Co-immunoprecipitation experiments 

using HEK-TLR4/MD2 cells further demonstrated that Neu1 and not Neu2, -3 or -4 was bound to 

naïve or LPS-stimulated TLR4 receptors [Figure 3.8 C,E,F]. Since HEK-TLR4 cells have a 

specific chimeric TLR4 with an in frame C-terminal YFP, we were able to show that Neu1 also 

co-immunoprecipitated with TLR4 using anti-GFP antibodies.  Conversely, TLR4 receptors co-

immunoprecipitated with Neu1 in cell lysates from naïve or LPS-treated HEK-TLR4 cells but this 

was not seen in cell lysates from Tamiflu and LPS-treated cells. Perhaps, Tamiflu bound to Neu1 

in cell lysates blocked anti-Neu1 antibodies in the immunoprecipitation assay.  
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Surprisingly, Neu1 also co-immunoprecipated with TLR2 and TLR3 receptors in naïve or ligand-

treated HEK-TLR2 or HEK-TLR3 cells, respectively [Figure 3.8G]. The data indicate that 

Neu1/TLR complexes are present on the cell membrane prior to ligand binding, which has not 

been previously observed.  

 

Neu1 sialidase regulates TLR ligand induced pro-inflammatory cytokines and nitric oxide 

production 

If Neu1 sialidase regulates ligand induced TLR activation, we asked if Neu1 has a physiological 

relevance in regulating LPS-induced pro-inflammatory cytokines and nitric oxide production. 

Using Neu1 deficient mice, we found that serum pro-inflammatory cytokines are induced in WT 

and Neu1-deficient mice responding to LPS after 5 hrs treatment when compared to basal serum 

levels [Figure 3.9A]. However, the Neu1-deficient mice produced a significant diminution in 

C5a, G-CFS, IL1ra, IL6, KC and MIP2 cytokines in response to LPS compared to the WT mice. 

Using an IL6 ELISA assay, serum IL6 was significantly reduced in LPS treated Neu1 deficient 

mice compared to the WT [Figure 3.9B].  

 

We also questioned whether Tamiflu treatment of human monocytic THP-1 in a dose dependent 

manner would inhibit IL-6 and TNFα production in response to LPS. Flow cytometric analyses 

[Figure 3.9C] indicated this to be the case, suggesting that inhibition of the sialidase activity by 

the neuraminidase inhibitor Tamiflu is able to block LPS-induced pro-inflammatory cytokine 

production. In addition, Tamiflu in a dose dependent manner significantly inhibited the 

production of nitric oxide (NO) in DC2.4 dendritic cells following LPS or killed M. butyricum 
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(Myco) stimulation [Figure 3.9D]. These results are consistent with other reports indicating that 

oseltamivir reduces a synergy between influenza and IFN-γ in NO synthesis within RAW 264.7 

macrophages in a dose dependence manner (157). To confirm Neu1 sialidase involvement in 

ligand induced NO production, we used primary BM macrophage cells from Neu1-deficient mice. 

Indeed, primary BM macrophage cells from Neu1-deficient mice exhibited a significant reduction 

in endotoxin LPS-induced NO production in comparison to WT [Figure 3.9E]. Primary BM 

macrophage cells derived CathA KI mice (normal Neu1 and inactive cathepsin A) or Neu4 

knockout (KO) mice exhibited LPS-induced NO production comparable to the WT control 

[Figure 3.9E].  Taken together, TLR ligand induced pro-inflammatory IL-6 and TNFα cytokines 

and nitric oxide production is regulated by Neu1 sialidase activity.  
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DISCUSSION 

 

The molecular mechanisms by which TLR receptors become activated or inhibited are not well 

understood. The data presented in this report provide evidence that Neu1 sialidase may be an 

important intermediate link in the initial process of ligand-induced TLR activation and 

subsequent cell function. They indicate an initial rapid activation of Neu1 sialidase activity which 

is only induced by TLR ligand binding. Central to this process is that Neu1, and not the other 

sialidases, is associated with TLR2, 3 and 4 receptors in the ectodomain, likely proximal to the 

membrane.  

 

We also demonstrate that this membrane-associated Neu1 sialidase targets and rapidly hydrolyzes 

sialyl -2,3-linked β-galactosyl residue(s). It is well known that TLRs are characterized 

structurally by a cytoplasmic Toll/interleukin-1 receptor (TIR) domain and by extracellular 

leucine-rich repeats. At least for the human TLR3 ectodomain, it appears from our studies that 

some of the N-linked glycosylation sites may be targeted by Neu1 sialidase activity. When BMC-

2 macrophage cells were pretreated with MAL-2 lectin, LPS-induced NFκB activation was 

completely inhibited in a dose dependent manner [Figure 4A]. MAL-2 binding to sialyl α-2,3-

linked β-galactosyl residues on TLR4 does not block LPS binding [Figure 4B]. The data further 

reveal that LPS-activated TLR4 receptors have fewer sialyl α-2,3-linked β-galactosyl residues 

compared with non-activated TLR4. Together, these findings identify sialyl α-2,3-linked β-

galactosyl residues of TLR4 distant from LPS binding sites as targets for Neu1 sialidase activity. 

It is known that LPS signals through TLR4 complex with MD-2 and CD14, and each of these 

proteins is glycosylated (158-160). MD-2 and the amino terminal ectodomain of human TLR4 

potentially contain two and nine N-glycosylation sites, respectively based on their sequence 
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analysis. Studies with TLR4 and MD-2 mutants lacking N-linked glycosylation sites have shown 

that these N-linked sites are essential to maintaining the functional integrity of this LPS receptor 

complex (158). Our results suggest that potentially one or more of these N-linked glycosylation 

sites of TLR4/MD2 may also play an important role in the activation of the TLR receptors and 

subsequent cellular bioactivity. 

 

The importance of sialyl -2,3-linked β-galactosyl residues involvement in receptor activation 

was further emphasized by α-2,3-sialyl specific neuraminidases [Figure 5]. We have found 

previously that Trypanosoma cruzi trans-sialidase (TS) is a novel ligand of nerve growth factor 

TrkA receptors (147, 161) and brain-derived neurotrophin factor TrkB (134). The catalytic 

sialidase activity of TS specific for sialyl α-2,3-linked β-galactosyl residues is the process 

involved in the  activation of these Trk receptors, and is not the physical binding of TS to these 

cells (147). In the present studies, BMC-2 macrophage cells treated with a purified recombinant 

α-2,3-neuraminidase (Streptococcus pneumoniae) and TS but not the mutant TSAsp98-Glu 

induce NFκB activation. TS is found to induce NFκB activation in Neu1-deficient primary BM 

macrophages [Figure 6D], re-emphasizing the importance of sialyl -2,3-linked β-galactosyl 

residues of TLR involvement in the initial stage of ligand-induced TLR activation. Importantly, 

the removal of sialyl -2,3-linked β-galactosyl residues on TLR4 receptors may be essential for 

TLR4 dimerization and subsequent binding of TLR signaling adaptor MyD88 molecules. The 

preliminary data presented in these studies support this hypothesis [Figure 7]. We also show that 

neuraminidase inhibitor Tamiflu blocks TLR4 ligand LPS-induced NFkB activation, nitric oxide 

production and the production of pro-inflammatory IL-6 and TNFα cytokines in TLR4-expressing 

cells. In vivo, Neu1-deficient mice produce a marked diminution of pro-inflammatory cytokines 
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and chemokines (e.g., IL6 and MIP2) in response to LPS treatment compared to WT mice. Taken 

together, our data provide definitive evidence for a role for Neu1 sialidase in the regulation of 

TLR activation. The observations establish an unprecedented novel mode of control of TLR 

activation by its natural ligand and define a new function for Neu1 sialidase. 

 

Genetic, gene-transfer and dominant-negative approaches have involved TLR family members 

(TLR2 and TLR4) in Gram-positive and Gram-negative bacterial recognition, usually mediated 

through CD14, and signaling (162). Accumulating evidence suggests that TLR2 is also involved 

in signaling-receptor complexes that recognize components of yeast and mycobacteria. However, 

the definitive roles of other TLRs are still lacking. Based on expression pattern, TLR can be 

classified as ubiquitous (TLR1), restricted (TLR2, TLR4 and TLR5) and specific (TLR3) (162). 

Alternatively, the expression of a TLR in a single cell type may indicate a specific role for this 

molecule in a restricted setting.  It is noteworthy that although TLR2 ligand induces sialidase 

activity in our HEK-TLR2 cells, and TLR2 receptors rarely homodimerize, we can explain these 

results due to the fact that HEK293 cells constitutively express TLR1 (150) and transfection of 

these cells with wild-type TLR2 is sufficient to confer responsiveness to both araLAM and 

zymosan (151). In addition, soluble CD14 in the serum conditioned medium would interact with 

ligand-activated TLR2 (152, 153) and induce NF B activation. The same can be true for soluble 

CD14 interacting with our HEK-TLR4/MD2 cells.  

 

Our findings suggest that Neu1 may be a common requisite intermediate in regulating pathogen-

molecule induced TLR receptors. The results in the present report indicate that Neu1/cathepsin A 

are complexed to TLR2, TLR3 and TLR4 receptors on the cell surface in the absence of ligand, a 
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phenomenon which has not been previously observed. We speculate that glycosylated TLR 

receptors may have a default lysosome sorting pathway to pick up Neu1 for the final trafficking 

to the plasma membrane. Liang and colleagues (163) have shown  that during the differentiation 

of monocytes and the monocytic cell line, THP-1 into  macrophages, the majority of Neu1 

relocalizes from the lysosomes to the cell surface while the other cellular sialidases Neu2, Neu3 

and Neu4, whose expression either remain unchanged or are downregulated. The lysosomal 

carboxypeptidase, cathepsin A, which forms a complex with and activates Neu1 in the lysosome, 

is also sorted to the plasma membrane of the differentiating cells. Others have demonstrated that 

elastin-binding protein (EBP) forms a cell surface-targeted elastin receptor complex with 

cathepsin A and Neu1 sialidase, and provide evidence that this sialidase activity is a prerequisite 

for the subsequent release of tropoelastin (164). Recently, the elastin receptor complex was 

shown to transduce signals through the catalytic activity of its Neu-1 subunit (165).   

 

How Neu1 sialidase activity is induced by TLR ligand binding to its receptor remains unknown. 

Insight to this question may come from studies on TLR9 binding to stimulatory and inhibitory 

DNA (166). These studies demonstrated that only the stimulatory DNA containing CpG leads to 

substantial conformational changes in the TLR9 ectodomain. Binding of DNA containing CpG to 

TLR9 dimers resulted in allosteric changes in the TLR9 cytoplasmic signaling domains. The 

TLR9 recognition of DNA containing the CpG motifs may be governed by the DNA sugar 

backbone 2' deoxyribose (167).  These findings suggest that TLR9 activation may be regulated by 

conformational changes induced by DNA containing CpG. One other possible mechanism is that 

TLR9 cleavage may be a prerequisite for this conformational change and it only functions after 
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being processed in the endolysosomal compartment (144). It remains unclear why this kind of 

processing is necessary for TLR9 activation.  

 

Taken all together, we would argue that at least for TLR2, 3 and 4 receptors the processing 

mechanism for TLR activation and cell function is regulated by Neu1 sialidase activity. Firstly, 

glycosylated TLR receptors may have a default sorting route travelling from the endoplasmic 

reticulum to the lysosomal compartments where Neu1 forms a complex with the TLR receptors. 

Co-immunoprecipitation data demonstrated that Neu1/TLR complexes are already formed on the 

cell membrane in naïve primary macrophages or cell lines. Secondly, TLR ligand binding may 

induce an allosteric conformational change in the TLR receptor, which in turn activates Neu1 

sialidase. Activated Neu1 would then hydrolyze sialic acids to facilitate TLR dimerization and 

activation. It is known that LPS signals through TLR4 in complex with MD-2 and CD14, and 

each of these proteins is glycosylated (158-160). MD-2 and the amino terminal ectodomain of 

human TLR4 potentially contain two and nine N-glycosylation sites, respectively, based on their 

sequence analysis. Studies with TLR4 and MD-2 mutants lacking N-linked glycosylation sites 

have shown that these N-linked sites are essential to maintaining the functional integrity of this 

LPS receptor complex (158). It is possible that potentially one or more of these N-linked 

glycosylation sites of TLR4/MD2 may also play an important role in the activation of the TLR 

receptors and subsequent cellular bioactivity. In conclusion, the findings in this report reveal an 

unprecedented mechanism of TLR activation. Central to this process is that Neu1 sialidase may 

be a key regulator of pathogen-molecule induced TLR activation to generate a functional 

receptor.  
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Figure 3.1. (A) TLR ligands induce sialidase activity in BMC-2 macrophage cells, DC2.4 

dendritic cells and (B) primary bone marrow macrophage (BM Mac) cells from normal, 

wild-type (WT) mice. Cells were allowed to adhere on 12mm circular glass slides in media 

containing 5% horse and 3% fetal calf sera for 24h. After removing media, 2.04 mM 4-

MUNANA  (4-MU) substrate (2’-(4-methlyumbelliferyl)-α-D-N-acetylneuraminic acid) in Tris 

buffered saline pH 7.4 was added to cells alone (Control), with TLR ligands (5 g/ml killed 

Mycobacterium butyricum cells, 20 µg/ml purified Poly I:C, 200 µg/ml purified Zymosan A, or 3 

µg/ml LPS phenol extracted from Serratia marcescens), or with ligand in combination with 200 

µM Tamiflu (oseltamivir phosphate). The substrate is hydrolyzed by sialidase enzymes to give 

free 4-methylumbelliferone which has a fluorescence emission at 450nm (blue color) following 

excitation at 365nm. Fluorescent images were taken at different time intervals after adding 

substrate using epi-fluorescent microscopy (40x objective). The data are a representation of one 

out of three independent experiments showing similar results. The mean fluorescence for each of 

the images was measured using MetaMorph 7 Software (Molecular Devices Corporation/MDS 

Analytical Technologies, Sunnyvale, CA). 
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Figure 3.2. TLR ligand-induced sialidase activity is dependent on ligand specific TLR 

expression on cells. HEK293 or HEK-TLR2, -TLR3 and –TLR4/MD2 cells were allowed to 

adhere on 12mm circular glass slides and assayed as described above. Killed T. cruzi parasites 

(TLR2-agonist) was used in addition to the TLR ligands as in Figure 1A, B. The data are a 

representation of one out of three independent experiments showing similar results. The mean 

fluorescence for each of the images was measured using MetaMorph 7 Software (Molecular 

Devices Corporation/MDS Analytical Technologies, Sunnyvale, CA). 
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Figure 3.3A. Neuraminidase inhibitor Tamiflu blocks LPS-induced NFκB activation and 

nuclear localization in HEK-TLR4/MD2 cells. HEK-TLR4/MD2 cells were pretreated with 

200 µM Tamiflu for 30 min followed with 3 µg/ml LPS for 45 min. Cells were fixed, 

permeabilized, and immunostained with rabbit anti-NFkB p65 or rabbit anti-IkBα followed with 

Alexa Fluor594 goat anti-rabbit IgG. Stained cells were visualized by epi-fluorescence 

microscopy using a 40x objective. Approximately 90% of LPS-treated cells immunostained with 

anti-NFkBp65 antibody had nuclear staining. The data are a representation of one out of three 

independent experiments showing similar results. 
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Figure 3.3B. Western blot analyses of NFkBp65, phosphorylated NFkB (pS529) and IkBα in 

nuclear and cell lysates. HEK-TLR4/D2 cells were pretreated with 400 μM Tamiflu for 30 

min followed with 3 μg/ml LPS at the indicated times. Nuclear or cell lysates from the cells 

were separated by SDS–PAGE and probed with antibodies against the indicated proteins. The 

data are a representation of one out of three independent experiments showing similar results.  

(C) Electrophoretic mobility shift assay (EMSA) and (D) Supershift of nuclear NFκB. 

Supernatants containing the nuclear extracts from LPS-treated HEK-TLR4/MD2 cells in the 

presence or absence of Tamiflu were analyzed by EMSA to  detect NF-κB DNA binding activity 

using a 3’ biotinylated double-stranded oligonucleotide (oligo) sequence 5' AGT TGA GGG 

GAC TTT CCC AGG C 3' against the NF-κB binding site. Non-biotinylated oligo probe was 

used as a NF-κB binding competitor.  Anti-NFκBp65 antibody at 0.1 µg/µL was used to block 

NF-κB binding to probe.  The blot was probed with Streptavidin-HRP followed with Western 

Lighting Chemiluminescence (PerkinElmer Life Sciences, Boston). Quantitative analysis was 

done by assessing the pixel density of band corrected for background in each lane using Corel 

Photo Paint 8.0 software. Each bar in the figure represents the mean corrected pixel density+SEM 

for n=5 repeated measurements. The data are a representation of one out of four independent 

experiments showing similar results. 
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Figure 3.4A. MAL-2 binding to sialyl -2,3-linked ß-galactosyl residues of TLR4 blocks 

LPS-induced NF B activation in BMC-2 macrophage cells. BMC-2 cells were pretreated with 

MAL-2 and SNA lectins at indicated concentrations (1–100 µg/ml) for 30 min, washed and 

stimulated with 3 g/mL LPS for 45 min or left untreated (no ligand control). Cells were fixed, 

permeabilized, and immunostained as in Figure 3A. 
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Figure 3.4B. Biotinylated LPS binds to TLR4-YFP in HEK-TLR4/MD2 cells pretreated 

with MAL-2. Cells were pretreated with 100 µg/mL MAL-2 or SNA for 30 min, washed, and 

stimulated with 3 g/ml biotinylated LPS for 15 min. Cells were fixed, permeabilized, and 

immunostained with Alexa Fluor594 conjugated streptavidin. The images were obtained from 

epi-fluorescence microscopy using a 40x objective. (B-i) Panel show total cells stained with 

either biotinylated LPS or TLR4-YFP, and (B-ii) shows the overlay of biotinylated LPS 

colocalization with TLR4. The data are a representation of one out of three independent 

experiments showing similar results.  
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Figure 3.4C. MAL-2 colocalizes with TLR4-YFP in HEK-TLR4/MD2 cells with an in frame 

C-terminal YFP but minimally with activated TLR4.  Cells were pretreated with 200 M 

Tamiflu, 1.42 μg/ml anti-Neu1 (Abcam Inc., Cambridge, MA, USA) or anti-Neu3 (MBL Medical 

& Biological Lab Co., Ltd., Nagoya, Japan) antibodies for 30 min prior to stimulation with 3 

g/ml LPS for 15 min or left untreated as control. Cells were fixed, permeabilized and stained 

with biotinylated-MAL-2 for 45 min. After extensive washing, cells were stained with Alexa 

Fluor594 conjugated streptavidin. The images were obtained from epi-fluorescence microscopy 

using a 40x objective. Colocalization analysis was done with Adobe Photoshop software by 

assessing the pixel intensity values involved in each channel for colocalized staining of TLR4-

YFP and Alexa Fluor594-streptavidin bound to MAL-2 corrected for background in each panel 

image. To calculate the amount of colocalization in the selected images, the Overlap coefficient 

was calculated from the pixel arrays from channel 1 (red) and channel 2 (green), respectively, and 

expressed as a percentage.  The data are a representation of one out of two independent 

experiments showing similar results.  
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Figure 3.5. (A) Purified recombinant T. cruzi trans-sialidase (TS) or -2,3 sialyl 

neuraminidase (Streptoccocus pneumoniae) but not the catalytically inactive mutant 

TS∆Asp98-Glu activate NF B in the absence of TLR ligand in BMC-2 macrophage cells. 
BMC-2 cells were treated with either 3 µg/ml LPS, 50mU/ml α-2,3 sialyl neuraminidase 

(Streptoccocus pneumoniae) (α-2,3-Neu), 200 ng/ml recombinant T. cruzi trans-sialidase (wt TS) 

or 200 ng/ml mutant TS∆Asp98-Glu for 30 min or left untreated as controls. Cells were fixed, 

permeabilized, and immunostained for NFκBp65 and IκB. Quantitative analysis was done by 

assessing the density of cell staining corrected for background in each panel using Corel Photo 

Paint 8.0 software. Each bar in the figures represents the mean corrected density of staining  

SEM for all cells within respective images. P values represent significant differences at 95% 

confidence using the Dunnett multiple comparison test compared to LPS-treated cells. 

Approximately 90% of LPS-treated cells immunostained with anti-NF B had nuclear staining. 

(B) Cells immunostained with anti-NF B showing nuclear localization of NF B. (C) Cells 

immunostained with anti-I B  showing cytoplasmic localization of I B . The data are a 

representation of one out of three independent experiments showing similar results. 
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Figure 3.6A. TLR ligands induce sialidase activity in primary mouse bone marrow (BM) 

macrophage cells but not in Neu1-deficient macrophages. Primary BM macrophages obtained 

from normal, wild-type (WT), Neu1-CathA KD (Neu1 deficient and cathepsin A deficient), 

CathA KI (normal Neu1 bound to inactive cathepsin A) and Neu4 KO (Neu4 knockout) mice  

were cultured in medium supplemented with 20% M-CSF, 10% FCS and Penn/Strep/Glut for 8 

days on circular glass slides in 24 well tissue culture plates. After removing media, 2.04 mM 4-

MUNANA (4-MU) substrate was added to cells as in Fig. 1. For Neu4 KO group,  ligand was 

added  in combination with 250 μg/mL anti-Neu1 antibody, 250 μg/mL anti-Neu3 antibody or 

200µM Tamiflu. The data are a representation of one out of four independent experiments 

showing similar results.  
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Figure 3.6B. Tamiflu blocks LPS- and Zymosan-induced NF B activation in primary BM 

macrophage cells from normal, wild-type (WT) mice. Primary BM macrophage cells from WT 

mice were cultured as described in (A). Cells were pretreated with 200 uM Tamiflu for 30 min 

followed with either 3 µg/ml LPS or 200 µg/ml purified Zymosan A for 45 min.  Cells were 

fixed, permeabilized, and immunostained as described in Fig. 2. Control images had no primary 

antibody. The  No ligand images had only primary and secondary antibodies with no other 

treatment. Strong I B  staining is indicative of inactive NF B. Approximately 95% of LPS-

treated cells immunostained with NFκBp65 had nuclear staining. Quantitative analysis was done 

by assessing the density of cell staining corrected for background in each panel using Corel Photo 

Paint 8.0 software. Each bar in the figures represents the mean corrected density of staining+SEM 

for all cells within the respective images. P values represent significant differences at 95% 

confidence using the Dunnett multiple comparison test compared to no ligand control group for 

NFκBp65 and to control group for IκBα. The data are a representation of one out of two 

independent experiments showing similar results.  
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Figure 3.6C. Tamiflu blocks LPS- and Zymosan-induced NF B activation in primary BM 

macrophage cells from CathA KI (normal Neu1 bound to inactive Cathepsin A) mice. 

Primary BM macrophages were cultured in RPMI medium supplemented with 20% M-CSF, 10% 

FCS and Penn/Strep/Glut for 8 days on circular glass slides in 24 well tissue culture plates. Cells 

pretreated with 200 μM Tamiflu for 30 min followed with either 200 µg/ml purified Zymosan A 

or 3 µg/ml LPS for 45 min. were fixed, permeabilized, and immunostained for NFκBp65 and 

I B  and quantitatively analyzed as described in (A).   
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Figure 3.6D. Lack of LPS-, polyI:C- and Zymosan-induced NF B activation in primary BM 

macrophage cells from Neu1-CathA KD (Neu1 deficient and Cathepsin A deficient) mice. 

Cells cultured in medium supplemented with 20% M-CSF, 10% FCS and Penn/Strep/Glut for 8 

days on circular glass slides in 24 well tissue culture plates were pretreated with 200 µM Tamiflu 

for 30 min followed with either 200 µg/ml purified Zymosan A, 3 µg/ml LPS for 45 min or 200 

ng/ml TS for 60 min. Cells were fixed, permeabilized, and immunostained for NFκBp65 and 

I B  and quantitatively analyzed as described in (A).  
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Figure 3.7. (A) MyD88 co-immunoprecipitates with LPS-induced TLR4. HEK-TLR4/MD2 

cells were pretreated with either 200 μM Tamiflu or 100 μg/mL MAL-2 for 30 min followed with 

5 µg/ml LPS for 5 min or left untreated as control (media). Cells were pelleted,  lysed and the 

protein lysates were immunopreciptated with 2 µg of rat anti-TLR4/MD2 (MTS510, Santa Cruz 

Biotech Inc., Santa Cruz, CA, USA) antibodies overnight. Following immunoprecipitation, 

complexes were isolated using protein G magnetic beads and resolved by 10% gel electrophoresis 

(PAGE). Proteins were transferred to PVDF membrane and the blot was probed for MyD88 

(30kDa) with rabbit anti-MyD88 (HFL-296, Santa Cruz Biotech) followed with HRP conjugated 

secondary anti-rabbit IgG antibodies and Western Lightning Chemiluminescence Reagent Plus. 

The blot was stripped and further probed for TLR4 (89kDa) with rat anti-TLR4/MD2 (Santa Cruz 

Biotech) followed with HRP conjugated secondary anti-rat antibodies and Western Lightning 

Chemiluminescence Reagent Plus. The chemiluminescence reaction was analyzed with a 

Fluorchem HD2 Imaging system (San Leandro, CA, USA).  Sample concentrations for gel 

loading were determined by Bradford reagent. The data are a representation of one out of two 

independent experiments showing similar results. (B) MyD88 colocalizes with LPS-induced 

TLR4. Primary BM macrophage cells from WT, CathA KI and Neu1-CathA KD mice were 

cultured as described in Fig 6. Cells were stimulated with 5 µg/mL LPS for 5 min or left 

untreated as control. Cells were fixed, permeabilized, and immunostained with rabbit anti-MyD88 

and with rat anti-TLR4/MD2 followed with Alexa Fluor594 goat anti-rabbit IgG or Alexa 

Fluor488 goat anti-rat IgG. Stained cells were visualized using a confocal inverted microscope 

(Leica TCS SP2 MP inverted Confocal Microscope) with a 100x objective (oil). Images were 

captured using a z-stage of 8–10 images per cell at 0.5-mm steps and were processed using Image 

J 1.38x software (NIH, USA). To calculate the amount of colocalization in the selected images, 

the Pearson correlation coefficient was measured and expressed as a percentage using Image J 

1.38x software. The data are a representation of one out of two independent experiments showing 

similar results. 
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Figure 3.7. (C) MAL-2 blocks MyD88 colocalization with LPS-induced TLR4. Primary BM 

macrophages from WT (full cell panel shown in (D), CathA KI and Neu1-CathA KD mice were 

cultured as decribed in (B). Cells were pretreated with 100 µg/mL MAL-2 lectin for 30 min prior 

to stimulation with 5 µg/mL LPS for 5 min. Control cells were untreated (no ligand control). 

Cells were fixed, permeabilized, and immunostained as described in (B). Each panel displays the 

TLR4-YFP and MyD88 overlay images. 
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Figure 3.8. (A) Neu1 expression on membrane of BMC-2 cells. Untreated BMC-2 cells were 

fixed, non-permeabilized and immunostained with the antibodies against the indicated proteins. 

Stained cells were visualized using epi-fluorescent microscopy at 40x objective. (B and C) Neu1 

colocalizes with TLR4.  Primary BM macrophage cells were stimulated with 5 µg/mL LPS for 

10 min or left untreated as control (no ligand). Cells were fixed, non-permeabilized (B) or 

permeabilized (C), and immunostained with antibodies against Neu1 and TLR4 followed with 

Alexa Fluor conjugated secondary antibodies. Stained cells were visualized using a confocal 

inverted microscope (Leica TCS SP2 MP inverted Confocal Microscope) with a 100x objective 

(oil). The data are a representation of one out of three independent experiments showing similar 

results.  
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Figure 3.8. (D) Neu1 co-immunoprecipitates with TLR4. HEK-TLR4/MD2 cells with in-frame 

YFP were pretreated with 200 μM Tamiflu for 30 min followed with 5 µg/ml LPS for 5 min or 

left untreated as control (media). Cells were pelleted, lysed and the protein lysates were 

immunopreciptated with antibodies against the the indicated proteins for 18 hrs. Complexes were 

isolated using protein G magnetic beads, resolved by SDS-PAGE and the blot probed with 

antibodies against the indicated proteins. The data are a representation of one out of five 

independent experiments showing similar results. (E) Neu2, 3 and 4 do not co-

immunoprecipitate with TLR4. HEK-TLR4/MD2 cells were used as described in (C). (F) 

Western blot of cell lysates in (D). (F) Neu1 co-immunoprecipitates with TLR2 and -3. HEK-

TLR2 and HEK-TLR3 cells were stimulated with 200 µg/ml zymosan A or 20 µg/ml polyIC, 

respectively. The cells were used as described in (C).   
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Figure 3.9. (A) In vivo LPS induced serum cytokine production in normal, wild-type (WT) 

and Neu1-deficient mice. Four mice in each group were bled before (no LPS) and 5 hours after 

i.p. injection with 2.5 mg of LPS per mouse. Serum was extracted from blood and immediately 

analyzed for cytokine array profiling with R&D System Cytokine Array Profiling kit.  

Quantitative analysis was done by assessing the density of cell staining corrected for background 

in each panel image using Corel Photo Paint 8.0 software. The histograms depict the pro-

inflammatory cytokines. (B) Serum from the same LPS treated mice was analyzed for IL6 

cytokine with IL6 ELISA kit.  
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Figure 3.9C. Flow cytometry analysis of Tamiflu inhibition of LPS-induced expression of 

TNFα (16 hrs) and IL-6 (48 hrs) in human monocytic THP-1 cells.  Cells were pretreated with 

Tamiflu at indicated doses followed by 3µg/mL of LPS for 16hrs (optimal time for TNFα 

expression) and for 48 hrs (optimal time for IL-6 expression) in the presence of Brefeldin A 

(BFA, Sigma). Cells were fixed, permeabilized and immunostained with FITC conjugated anti- 

TNFα or anti-IL-6 antibodies. Cells were analyzed by Beckman Coulter Epics XL-MCL flow 

cytometry and Expo32 ADC software (Beckman Coulter). Overlay histograms are displayed. 

Untreated control cells are represented by the gray-filled histogram. Cells pretreated with 200 μM 

or 400 μM of Tamiflu and stimulated with LPS are depicted by the gray-solid line or gray-dashed 

line, respectively. The mean fluorescence for each histogram is indicated for 10,000 acquired 

cells (98% gated). The data are a representation of one out of three experiments showing similar 

results.  
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Figure 3.9. (D) Nitrite (NO) production by dendritic cells stimulated with  LPS or killed M. 

butyricum (Myco) is inhibited by Tamiflu. DC2.4 cells (50,000 cells/well) were pretreated with 

200 or 400µM Tamiflu or left untreated in medium for 30 min followed with 1 µg/ml LPS  or 

10µg/ml killed M. butyricum (F) for 18 hr. Supernatants were used to measure nitric oxide (NO) 

concentration after substraction of control cells using the Griess reagent and standard 

concentration curve. The concentration of NO in the untreated control cells ranged from 5-7 µM. 

The data are the mean±SEM of five independent experiments. (E) Nitrite (NO) production by 

primary BM macrophage cells derived from WT, Neu1-CathA KD, CathA KI and Neu4 

KO mice stimulated with LPS. Cells were used as described in (D). 
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SUPPLEMENTARY FIGURES 

 

 

 

 

  



 

123 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 3.1. LPS induces sialidase activity in BMC-2 macrophage cells in a 

dose dependent manner. LPS-induced sialidase activity in BMC-2 cells at the indicated doses 

was measured as described in Figure 1A. Fluorescent images were taken at 1 min after adding 

substrate using epi-fluorescent microscopy (40x objective). The mean fluorescence for each of 

the images was measured using MetaMorph 7 Software. The data are a representation of one out 

of three independent experiments showing similar results.  
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Supplemental Figure 3.2. Tamiflu, but not other neuraminidase inhibitors blocks LPS-

induced sialidase activity in BMC-2 macrophage cells in a dose dependent manner.  
Fluorescent images were taken at 1 min after adding substrate using epi-fluorescent microscopy 

(40x objective). The mean fluorescence for each of the images was measured using MetaMorph 7 

Software. The data are a representation of one out of three independent experiments showing 

similar results. 
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Supplemental Figure 3.3A. (i) Tamiflu blocks LPS-induced NFκB activation in BMC-2 

cells. Cells were pretreated with 200 µM Tamiflu for 30 min followed with 3 µg/ml LPS for 45 

min. Cells were fixed, permeabilized, and immunostained with rabbit anti-NFkB p65 or rabbit 

anti-IkBα followed with Alexa Fluor594 goat anti-rabbit IgG. Stained cells were visualized by 

epi-fluorescence microscopy using a 40x objective. Quantitative analysis was done by assessing 

the density of cell staining corrected for background in each panel using Corel Photo Paint 8.0 

software. Each bar in the figures represents the mean corrected density of staining+SEM for all 

cells within the respective images. P values represent significant differences at 95% confidence 

using the Dunnett multiple comparison test compared to LPS treated cells. (ii) Approximately 

90% of LPS-treated cells immunostained with anti-NFkBp65 antibody had nuclear staining. The 

data are a representation of one out of three independent experiments showing similar results. 
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Supplemental Figure 3.3B. (i) Tamiflu blocks LPS-induced NFκB activation in DC2.4 

cells. Cells were pretreated with 200 µM Tamiflu for 30 min followed with 3 µg/ml LPS for 45 

min. Cells were fixed, permeabilized, and immunostained with rabbit anti-NFkB p65 or rabbit 

anti-IkBα followed with Alexa Fluor594 goat anti-rabbit IgG. Stained cells were visualized by 

epi-fluorescence microscopy using a 40x objective. Quantitative analysis was done by assessing 

the density of cell staining corrected for background in each panel using Corel Photo Paint 8.0 

software. Each bar in the figures represents the mean corrected density of staining+SEM for all 

cells within the respective images. P values represent significant differences at 95% confidence 

using the Dunnett multiple comparison test compared to LPS treated cells. (ii) Approximately 

90% of LPS-treated cells immunostained with anti-NFkBp65 antibody had nuclear staining. The 

data are a representation of one out of three independent experiments showing similar results. 
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Supplemental Figure 3.4. LPS induced sialidase activity in BMC-2 macrophage cells is 

neutralized by anti-Neu1 antibody. LPS-induced sialidase activity in BMC-2 cells is blocked 

when cells are pretreated with 12.5 g/ml anti-Neu1 antibody for 5 minutes prior to adding LPS.  

This effect was not observed when cells were pretreated with either anti-Neu2 (6.25 g/ml), anti-

Neu3 (62.5 g/ml), or anti-Neu4 (21.8 g/ml) antibodies, suggesting that Neu1 activity on the 

surface of these cells is neutralized with the addition of this antibody. It also suggests that Neu2, 

Neu3, and Neu4 are not activated in the presence of LPS. Fluorescent images were taken at 1 min 

after adding substrate using epi-fluorescent microscopy (40x objective). The mean fluorescence 

for each of the images was measured using MetaMorph 7 Software. The data are a representation 

of one out of three independent experiments showing similar results.  
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Supplemental Figure 3.5. MAL-2 lectin treatment does not inhibit LPS-induced sialidase 

activity in BMC-2 macrophage cells. LPS-induced sialidase activity in BMC-2 cells is still 

observed when cells are pretreated with 25 g/ml MAL-2, 0r 25 g/ml SNA for 5 minutes prior 

to adding LPS. This indicates that MAL-2 potentially binding to -2,3-sialyl residues on the TLR 

(or on the cell surface) does not impede the induction and activation of sialidase in the presence 

of LPS. Also, treating cells with MAL-2 alone does not induce sialidase activity. Fluorescent 

images were taken at 1 min after adding substrate using epi-fluorescent microscopy (40x 

objective). The mean fluorescence for each of the images was measured using MetaMorph 7 

Software. The data are a representation of one out of three independent experiments showing 

similar results.  
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THE MULTIPLEX REGULATION OF NEU1 SIALIDASE-MEDIATED TOLL-LIKE 

RECEPTOR ACTIVATION: POTENTIAL ROLES FOR G PROTEIN-COUPLED 
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ABSTRACT 

 

 

We have previously shown a membrane Neu1 sialidase induction in response to ligand-mediated 

activation of Toll-like receptors (TLRs). The exact mechanism behind Neu1 induction which is 

initiated by ligand binding to TLR-2, -3 and -4, however, remains to be elucidated, although our 

recent discovery that Neu1 is complexed to TLR on the cell membrane in unstimulated cells 

provided an important first clue. It is well documented that GPCR/G  proteins play a role in 

TLR-mediated cellular function, even though the mechanisms behind these interactions have not 

been determined. This study presents preliminary evidence for a role for G-protein coupled 

receptors, likely mediated via the activation of heterotrimeric G  proteins, and matrix 

metalloproteinase enzymes in this initial activation of Neu1 sialidase. We showed inhibition of 

TLR-ligand induced sialidase activity in the presence of K252a (protein kinase inhibitor), 

suramin (broad range GPCR inhibitor), pertussis toxin (specific inhibitor of G  protein signaling) 

and galardin (broad range inhibitor of MMPs). Interestingly, both PTx and galardin were able to 

inhibit NF B activation in TLR-ligand treated cells, suggesting that G  protein and MMP 

involvement in the regulation of sialidase activity is critical to downstream TLR signaling. 

Furthermore, we were able to show evidence that MMP-9 may play a key role in the activation of 

Neu1, potentially activating Neu1 by cleaving elastin binding protein from the Neu1/cathepsin A/ 

EBP complex on the cell membrane. Indeed, MMP-9, but not MMP-3, has substrate specificity 

for elastin; this is supported by our data. These preliminary findings point to a multiplex 

regulation of Neu1 induction that is dependent on G  protein-mediated GPCR and suggests a 

critical role for MMP9 in the activation of TLRs.    
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CHAPTER 4 

 

THE MULTIPLEX REGULATION OF NEU1 SIALIDASE-MEDIATED TOLL-LIKE RECEPTOR 

ACTIVATION: POTENTIAL ROLES FOR G PROTEINS, G PROTEIN-COUPLED RECEPTORS AND  

MATRIX METALLOPROTEINASE 

 

 

INTRODUCTION 

 

G protein coupled receptors (GPCRs) comprise the largest family of cell surface signal 

transduction molecules in mammalian cells, and are activated by a multitude of ligands, both 

internal (hormones, neurotransmitters) and external (light, odorants). GPCRs undergo 

conformational changes upon ligand activation which results in the intermediate coupling and 

activation of GTP-binding G proteins (guanine nucleotide regulatory proteins, which are 

composed of -, β- and -subunits), leading to the exchange of GDP for GTP on the G  subunit. 

This results in the dissociation of the GPCR from the G proteins, and the dissociation of the 

G ATP subunit from the Gβ  subunit; both subunits are then able to interact with various effector 

enzymes leading to complex G protein-mediated signaling pathways (168-170). These 

heterotrimeric G proteins are classically categorized by their  subunits, and can be grouped into 

four major families: Gs, Gi/o, Gq/11 and G12/13 (170). Recently, alternate pathways of GPCR-

mediated signaling, that are independent of G protein interaction and/or activation of secondary 

effector molecules have increasingly been reported. These biological responses, therefore, are the 

result of cross-talk between various intracellular signaling networks (168).  
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GPCRs have long been implicated in the transactivation of receptor tyrosine kinases (RTKs), 

particularly for the receptors that bind epidermal growth factor, platelet-derived growth factor, 

fibroblast growth factor and neurotrophins, particularly nerve growth factor (171). The exact 

mechanism of RTK transactivation by GPCR, however, has not been elucidated. In the context of 

innate and acquired immunity, GPCRs also exhibit key regulatory functions. In macrophages and 

dendritic cells, for example, GPCRs regulate diverse cell functions including cell-cell 

interactions, survival, chemotaxis and activation, and there is strong evidence for cross-talk 

between GPCR and TLR signaling pathways (172, 173).  

 

The involvement of heterotrimeric G  proteins in ligand-mediated TLR function has been 

inferred since it was demonstrated that CD14 (an integral component of the Gram-negative 

bacterial lipopolysaccharide (LPS) receptor complex, along with TLR4 and MD2) was associated 

with Gi (inhibitory class) and Go (olfactory class)  subunits of G proteins. The authors also 

demonstrated that heterotrimeric G proteins have a specific regulatory function in CD14-

mediated LPS-induced mitogen-activated protein kinase (MAPK) activation and cytokine 

production in normal human monocytes (174). Further supporting a regulatory role for G  

proteins in LPS-TLR4 signaling, when THP-1 cells were pretreated with pertussis toxin (PTx), 

which specifically inhibits G i receptor coupling, there was a significant decrease in LPS-induced 

activation of c-Jun-N-terminal kinase (JNK) and p38 kinase, and production of tumor necrosis 

factor-alpha (TNF- ) (175). In addition, Fan et al (176) have shown that G i protein 

differentially regulates LPS-mediated signaling through TLR4, and Gram-positive 

Staphylococcus aureus (SA)-mediated signaling through TLR2. Using the knockout mouse 

models, G i2 –/– and G i1/3 –/–, the study showed significantly decreased TLR ligand-mediated 
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TNF-  and IL-10 production in peritoneal macrophages of the knockout mice compared to wild-

type mice. Surprisingly, in splenocytes from the same knockouts, significant increases in TNF-  

and IFN-  production in response to TLR ligands were detected. These data suggest a regulatory 

role for G i proteins in TLR signaling, that is potentially dependent on cellular phenotype. In the 

murine RAW 264.7 macrophage cell line, and primary murine macrophages, G protein 

dysregulation by wasp venom-derived peptide mastoparan caused a significant inhibition in LPS-

induced TLR4-, but not TLR2-mediated gene expression (177).  

 

The process by which TLR-mediated cellular responses are regulated is not clearly understood. In 

a recent study, we showed that TLR activation upon ligand binding was mediated by the rapid 

induction of Neu1 sialidase, which desialylates the receptor, potentially allowing for its 

dimerization and subsequent activation. Endogenous mammalian sialidases (or neuraminidases), 

are glycohydrolytic enzymes that catalyze the removal of sialic acid residues from glycoproteins 

and glycolipids (28). To date, four types of human sialidases have been cloned and characterized 

at the molecular level. These are classified by their subcellular localization as intralysosomal 

(Neu1), cytosolic (Neu2), plasma membrane-bound (Neu3) and lysosomal or mitochondrial 

associated (Neu4); they differ, however, in their functions and substrate specificities (29). 

Sialidase specific inhibitor Tamiflu (oseltamivir phosphate) was shown to inhibit NF B 

activation and TLR ligand-induced nitrous oxide and cytokine production in various cell lines and 

primary bone-marrow derived macrophages (Amith et al, manuscript submitted). We previously 

demonstrated a similar sialidase-regulated activation of TrkA and TrkB tyrosine kinase receptors 

in PC-12 neuronal cells and primary neurons (41, 43).While it is clear that this Neu1sialidase 

activity is initiated and only detectable in the presence of receptor-specific ligand, exactly how 
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Neu1 is activated has not been demonstrated. Insight to this question may come from revisiting 

the existing theories that have been proposed to explain RTK transactivation by GPCR. Two 

mechanisms have been suggested to account for epidermal growth factor receptor (EGFR) 

transactivation by GPCR agonists: either through the phosphorylation of Src (nonreceptor) 

tyrosine kinase, or via the matrix metalloproteinase (MMP)-mediated release of EGFR ligands 

(178). 

 

Considering the fact that tyrosine phosphorylation is one of the earliest events in an immune 

response, it is surprising that the role of specific tyrosine kinases in the production of pro-

inflammatory cytokines remains unclear (179). In monocytes, both the neurotrophin nerve growth 

factor (NGF), and the neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP), 

are pro-inflammatory. Usually, NGF signals through binding TrkA tyrosine kinase receptors, 

whereas PACAP signals through the GPCR VPAC-1 which transactivates TrkA receptors and 

induces the NGF/TrkA signal pathway independent of NGF. This same transactivation 

phenomenon appears to exist in monocytes, where cells treated with PACAP showed increased 

TrkA tyrosine phosphorylations. In the presence of K252a, an inhibitor of tyrosine protein kinase 

activity of the trk family of oncogenes and neurotrophin receptors, however, decreased PACAP-

induced Akt and ERK phosphorylation and calcium mobilization were observed. Interestingly, 

K252a also inhibited PACAP-associated NF B activity. Furthermore, ERK activation in 

monocytes treated with NGF was diminished by pertussis toxin (180). 

 

There is already demonstrable evidence that in human macrophages, Src kinases regulate TLR-

mediated inflammatory cytokine production at the transcriptional level independently of NF B. 
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Here, chemical inhibition of Src kinases with pyrazolo pyrimidine compound PP2, a selective 

inhibitor of the Src family kinases, was shown to inhibit the production of TLR1/2, TLR4 and 

TLR5-8 ligand-induced inflammatory cytokines in human macrophages. While PP2 suppressed 

TNF and IL-10 production at the transcriptional level, there was no significant effect on NF B 

activation, or on p42/44 ERK, p46/54 JNK or p38 MAPK phosphorylation; however, nuclear 

accumulation of transcription factor AP-1 was inhibited in response to TLR4 ligand LPS (179).  

 

Considering the above, is there likewise a similar regulatory function for matrix 

metalloproteinase (MMP) activity in this complex TLR-mediated cellular regulation? MMPs have 

notable roles in the immune response: from facilitating the initial recruitment of leucocytes to the 

site of infection, to degrading components of the extracellular matrix allowing for the resolution 

of inflammation and wound healing, to modulating cytokine and chemokine activity (181). 

Briefly, MMPs are a highly conserved family of proteolytic enzymes that regulate cell matrix 

composition. There are over 25 known MMPs; most exhibit extensive overlaps in substrate 

specificities, and all are regulated by the secretion of specific tissue inhibitors of 

metalloproteinases (TIMPs) (182). Certainly, TLR-mediated effects on MMP expression is well-

documented: MMP-1 and MMP-3 exression was upregulated when human cervical smooth 

muscle cells were treated with TLR4 ligand LPS-induced (183); treatment of synovial fibroblasts 

with bacterial peptidoglycan (PG) signaling through TLR2 showed an increased expression of 

MMP-1, MMP-3 and MMP-13 (184). Similarly, enhanced MMP-9 expression was observed in 

murine mast cells in response to LPS and PG (185), in human and murine monocytes in response 

to TLR2 responses to Borrelia burgdorferi (186), and in LPS-stimulated RAW 264.7 macrophage 

cells (187). TLR3 ligand Poly(I:C), a synthetic analog of viral dsRNA, treatment of primary lung 
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epithelial cells showed increased secretions of MMP-1, MMP-8, MMP-9, MMP-10 and MMP-13 

(188). These studies demonstrate the production of MMPs as an end-point of TLR-mediated 

signaling, without alluding to a role for MMP(s) in ligand-induced TLR activation, so it is not 

surprising that the potential effects of chemical MMP inhibitors on TLR activation and signaling 

have not yet been studied. We chose to take this ommission into consideration when developing 

our model of ligand-induced TLR activation by Neu1 sialidase.  

Central to our proposed model of ligand-induced TLR activation as mediated Neu1 sialidase 

activity, is the association of Neu1 with TLR on the cell surface. In the lysosome, Neu1 sialidase 

is associated with a serine carboxypeptidase (protective protein cathepsin A), β-galactosidase and 

N-acetyl-galactosamine-6-sulphate sulphatase (30). Cathepsin A is required for normal Neu1 

enzymatic activity (189) and is sorted to the plasma membrane of differentiating monocytes 

similarly to Neu1 (163). Cell surface Neu1/cathepsin A can also associate with elastin-binding 

protein (EBP) forming the elastin receptor complex, where the catalytic activity of Neu1 

facilitates elastic fibre assembly (164) and signal transduction (190), although the precise 

molecular mechanisms involved are unknown. Taking into consideration the data summarized 

above, we predict that in order for Neu1 to become activated when ligand binds to TLR, EBP 

must be removed from the complex with Neu1/cathepsin A. This removal of EBP is likely 

mediated by a proteolytic enzyme with elastase substrate specificity, like an MMP.  

 

Based on our previous data and the preliminary work reported here, we propose a role for G-

protein coupled receptors either signaling independently or via an associated heterotrimeric G 

protein, and matrix metalloproteinase, in the initial induction of Neu1 sialidase when ligand binds 

its TLR. 
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MATERIAL AND METHODS 

 

Cell lines 

BMC-2 macrophage cells (145) and DC2.4 dendritic cells (146) were obtained from Dr Ken L. 

Rock, University of Massachusetts Medical School, Worcester, MA.  The HEK293 human 

embryonic kidney epithelial parental cell line was a gift from Dr Leda Raptis. Stable HEK-TLR 

cells were obtained by calcium phosphate transfection of a pCDNA3 expession vector for a 

specific chimeric TLR with an in frame C-terminal YFP and selection in 0.4 μg/ml G418. The 

HEK-TLR4/MD2 cell line was generated by additional co-transfection of an expression plasmid 

for human MD2. All cells were grown at 37
o
C in 5% CO2 in culture media containing DMEM 

(Gibco, Rockville, MD) supplemented with 5% horse serum (Gibco) and 3% fetal calf serum 

(HyClone, Logan, Utah, USA).  

 

Ligands and enzymes 

TLR4 ligand lipopolysaccharide (LPS, at indicated concentrations, from Serratia marcescens and 

purified by phenol extraction, Sigma-Aldritch), TLR2 ligands Zymosan A (from Saccharomyces 

cerevisiae, Sigma-Aldritch) and killed Mycobacterium butyricum (DIFCO) was used at 

predetermined optimal dosage. TLR3 ligand polyinosinic-polycytidylic acid (poly I:C, Sigma-

Aldritch) was used at indicated concentrations. GPCR ligand bombesin (bombesin acetate salt 

hydrate, Sigma-Aldritch) activates the G q/11 pathway in GPCR-mediated signaling. Bradykinin 

(bradykinin acetate salt, Sigma Aldritch) is a pro-inflammatory peptide that acts through G-

protein-coupled receptors. Epidermal growth factor (EGF from murine submaxillary gland, 

Sigma-Aldritch) binds to EGF receptors. Purified neuraminidase (from Clostridium perfringens; 
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specific activity of 1 U per 1.0 mmole of N-acetylneuraminic acid per minute) specifically targets 

and hydrolyzes -2,3-, -2,6- and -2,8-sialic acids. Elastase (aqueous suspension from porcine 

pancreas, Sigma-Aldritch) is a serine protease that hydrolyses elastin. 

 

Inhibitors 

Tamiflu (pure oseltamivir phosphate, Hoffmann-La Roche Ltd., Mississauga, Ontario, Lot # 

S00060168) was used at indicated concentrations. K252a (from Nocardiopsis species, Sigma-

Aldritch) is an inhibitor of tyrosine protein kinase activity of the trk family of oncogenes and 

neurotrophin receptors. Suramin (suramin sodium salt, Sigma-Aldritch) uncouples G-proteins 

from receptors, and is a broad range inhibitor of GPCR activation. Pertussis toxin (PTx, from 

Bordatella pertussis, in buffered aqueous glycerol solution, Sigman-Aldritch) catalyzes the ADP-

ribosylation of the  subunits of the heterotrimeric G proteins Gi, Go, and Gt. This prevents the G 

protein heterotrimers from interacting with receptors, thus blocking their coupling and activation. 

Galardin (GM6001; molecular formula C20H28N4O4, N-[(2R)-2-(Hydroxamidocarbonylmethyl)-4-

methylpentanoyl]-L-tryptophan Methylamide; Cat.# 364205, Calbiochem-EMD Chemicals 

Inc.,Darmstadt, Germany) is a potent, cell-permeable, broad-spectrum hydroxamic acid inhibitor 

of matrix metalloproteinases (MMPs); (IC50 = 400 pM for MMP-1; IC50 = 500 pM for MMP-2; 

IC50 = 27 nM for MMP-3; IC50 = 100 pM for MMP-8; and IC50 = 200 pM for MMP-9). Piperazine 

(MMPII inhibitor, molecular formula C21H27N3O8S2, N-Hydroxy-1,3-di-(4-

methoxybenzenesulphonyl)-5,5-dimethyl-[1,3]-piperazine-2-carboxamide; Cat.# 444247, 

Calbiochem-EMD Chemicals Inc.,Darmstadt, Germany) is a potent, reversible, broad-range 

inhibitor of matrix metalloproteinases. Piperazine (PIPZ) inhibits MMP-1 (IC50 = 24 nM), MMP-

3 (IC50 = 18.4 nM), MMP-7 (IC50 = 30 nM), and MMP-9 (IC50 = 2.7 nM). MMP-3 inhibitor 
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(MMP3-I/Stromelysin-1 Inhibitor, molecular formula C27H46N10O9S, Ac-Arg-Cys-Gly-Val-Pro-

Asp-NH2; Cat.# 444218, Calbiochem-EMD Chemicals Inc.,Darmstadt, Germany) inhibits MMP-

3 (IC50 = 5 nM).  MMP-9 inhibitor (MMP9-I, molecular formula C27H33N3O5S; Cat.# 444278, 

Calbiochem-EMD Chemicals Inc.,Darmstadt, Germany ) is a cell-permeable, potent, selective, 

and reversible MMP-9 Inhibitor (IC50 = 5 nM). It inhibits MMP-1 (IC50 = 1.05 µM) and MMP-13 

(IC50 = 113 nM) only at much higher concentrations.  

 

Sialidase activity in viable cells – Sialidase Assay 

TLR-expressing cells were grown on 12 mm circular glass slides in conditioned medium as 

described. After removing medium, 2.04 mM 4-MUNANA (4-MU) substrate [2’-(4-

methylumbelliferyl)-α-D-N-acetylneuraminic acid] (Sigma-Aldrich) in Tris buffered saline pH 

7.4 was added to each slide alone (control), with predetermined dose of specific ligand, or in 

combination of ligand and inhibitor at indicated doses. After removing medium and washing, 

2.04 mM 4-MUNANA substrate in Tris buffered saline pH 7.4 was added to each well either 

alone or  in combination with TLR specific ligand as previously described (41). The substrate is 

hydrolyzed by sialidase to give free 4-methylumbelliferone which has a fluorescence emission at 

450 nm (blue color) following an excitation at 365 nm. Fluorescent images were taken after 1 to 5 

minutes using epi-fluorescent microscopy (40x objective).  

 

MMP activity in viable cells – OmniMMP™ Assay 

TLR-expressing cells were grown on 12 mm circular glass slides in conditioned medium as 

described. After removing medium, 0.91 mM OmniMMP™ (Mca-Pro-Leu-Gly-Leu-Dpa-Ala-

Arg-NH2•AcOH [Mca=(7-methoxycoumarin-4-yl)acetyl; Dpa=N-3-(2,4-dinitrophenyl)-L-α,β-
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diaminopropionyl]) fluorogenic substrate (BIOMOL International Inc., Plymouth Meeting, PA) in 

DMSO/Tris buffered saline pH 7.4, was added to each well alone (control), with predetermined 

dose of specific ligand, or in combination of ligand and 125 nM galardin. When OmniMMP™ is 

hydrolyzed by MMP, it has a fluorescence emission at 393 nm following excitation at 328 nm. 

Fluorescent images were taken after 1 to 5 minutes using epi-fluorescent microscopy (40x 

objective).  

 

Immunocytochemistry of NFκB 

TLR-expressing cells were pretreated with pure Tamiflu, galardin or PTx at indicated 

concentrations for 30 min followed with predetermined dose of specific ligand for 45 min. Cells 

were fixed, permeabilized, and immunostained with rabbit anti-NFκBp65 (Rockland, 

Gibertsville, PA), or rabbit anti-IκBα (Rockland) antibodies followed with Alexa Fluor594 goat 

anti-rabbit IgG. Stained cells were visualized by epi-fluorescence microscopy using a 40x 

objective.  Quantitative analysis was done by assessing the density of cell staining corrected for 

background in each panel using Corel Photo Paint 8.0 software. Each bar in the figures represents 

the mean corrected density of staining ± SEM for all cells (n) within the respective images. P 

values represent significant differences at 95% confidence using Dunnett’s Multiple Comparison 

Test compared to control (Ctrl) in each group.  

 

Statistics   

Comparisons between two groups were made by one-way ANOVA at 95% confidence using 

unpaired t-test and Bonferroni’s Multiple Comparison Test or Dunnett’s Multiple Comparison 

Test for comparisons among more than two groups.  
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RESULTS 

 

Ligand binding to TLR induces membrane sialidase activity in TLR-expressing cells that is 

inhibited by K252a and suramin 

If indeed GPCRs are involved in the transactivation of receptors, such as the epidermal growth 

factor receptor, then using a broad range inhibitor of GPCR should show a concurrent inhibition 

of TLR activation, as detected by the induction of sialidase enzymes. If GPCR signaling plays a 

role, then inhibition of protein kinases would also be inhibitory in our cells. We used a recently 

developed assay to detect sialidase activity on the surface of viable cells (41). We found that 

zymosan A (TLR-2), poly I:C (TLR-3) and lipopolysaccharide (LPS) (TLR-4) ligands induced 

sialidase activity on the cell surface of HEK-TLR cell lines. This activity was revealed by an 

uniform fluorescence (λem 450 nm) surrounding the cells treated with the fluorogenic sialidase 

substrate, 4MU-NeuAc (2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid) and caused by 

the emission of 4-methylumbelliferone. Representative data showing Poly I:C-induced inhibition 

of sialidase activity by cell permeable protein kinase inhibitor, K252a and suramin (broad range 

G-protein coupled receptor (GPCR) inhibitor that uncouples G-proteins from receptors 

presumably by blocking their interaction with intracellular receptor domains; also inhibits GDP-

GTP exchange, the rate limiting step in the activation of G  subunits), in comparison to 

neuraminidase specific inhibitor, Tamiflu, is shown [Figure 4.1].  
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LPS-induced sialidase activity in HEK-TLR4/MD2 cells is blocked by G -specific inhibitor 

Pertussis toxin and MMP inhibitor, Galardin 

If a broad range GPCR inhibitor (suramin) blocks ligand-induced sialidase activity in TLR-

expressing cells, then using a more specific inhibitor of G  protein will allow us to identify the 

exact G protein subunit that may be involved in the regulation of this sialidase activition. Using 

the sialidase assay described above, we show that lipopolysaccharide (LPS)-induced sialidase 

activity on the cell surface of HEK-TLR4/MD2 cells is completely blocked by pertussis toxin 

(PTx). We also looked at a potential role for the involvement of matrix metalloproteinases in this 

ligand-induced TLR activation. We found that the sialidase activity detected upon ligand-TLR 

interaction is blocked by broad range MMP inhibitor, galardin, suggesting a role for MMP in the 

regulation of sialidase activation in LPS-treated HEK-TLR4/MD2 cells [Figure 4.2]. 

 

GPCR ligands induce sialidase activity in HEK293 and TLR-expressing cells 

Since we hypothesize that TLR-ligand induced sialidase activity is being regulated by GPCR and 

MMP involvement, then GPCR-specific ligand binding to its receptor should be sufficient to 

induce sialidase activity in the absence of TLR ligands. Indeed, GPCR-ligand bombesin is able to 

induce sialidase activity similar to LPS in HEK-TLR4/MD2 cells [Figure 4.3]. Bombesin is a 

tetradecapeptide, originally derived from amphibians; its human homologues include gastrin-

releasing peptide, neuromedin B and GRP-18–27 (previously named neuromedin C). GPCRs 

BB1 and BB2, the bombesin receptors, couple primarily to the Gq/11 family of G proteins. BB1 

and BB2 receptor-mediated activation causes many physiological actions, including the 

stimulation of tissue growth, smooth-muscle contraction, secretion and many central nervous 

system effects (191). In HEK293 cells, bombesin-induced sialidase activity is inhibited by 50 M 
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suramin and 25 nM K252a [Figure 4.4]. Bombesin-induced sialidase activity in the absence of 

toll-like receptors indicates that the GPCR activation is somehow mechanistically involved in the 

induction of sialidase independent of TLR ligands. In BMC-2 cells, bombesin-induced sialidase 

activity is blocked by 62.5 nM galardin, a broad range inhibitor of MMPs [Figure 4.5].  

 

GPCR ligand bradykinin binds to the ubiquitous and constitutively expressed B2 receptors, and 

mediates its actions. B2 receptors are members of the rhodopsin family of G protein-coupled 

receptors (GPCR) and through Gαq-mediated signaling, B2 receptors stimulate phospholipase C 

to increase phosphoinositide hydrolysis and intracellular free Ca2+, whereas B2 signalling 

through Gαi inhibits adenylate cyclase, to stimulate the mitogen-activated protein kinase pathway 

(191). When bradykinin (100 g/ml) is added to DC2.4 dendritic cells, sialidase activity was 

detected. Since we predict that an MMP with elastase activity may be required to cleave elastin 

binding protein (EBP) from the elastin receptor complex of Neu1/cathepsin A/EBP in order to 

activate Neu1, then treating cells with an exogenous elastase enzyme should induce sialidase 

activity in the absence of both TLR and GPCR ligands. Indeed this is the case as seen in Figure 

4.6A, where when 100 g/ml elastase enzymewas added to DC2.4 cells, sialidase activity was 

observed.. This elastase-induced sialidase activity (as detected by fluorescence of 4-MU), is not 

observed when elastase is added to 4-MU alone (in the absence of cells) [Figure 4.6B]. When 

exogenous -2,3-neuraminidase from S. pneumoniae is added to 4-MU in the absence of cells, 

sialidase activity (blue fluorescence) is observed (positive control).  
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OmniMMP™ detection of MMP activity in response to TLR ligands 

Applying the same principle used in the sialidase assay to detect sialidase activity (as a measure 

of fluorescence of sialidase-specific substrate 4-MU) in viable cells, we used a fluorogenic MMP-

specific substrate to detect MMP activity in BMC-2 macrophages treated with TLR2 ligand 

zymosan A (66.7 g/ml), TLR3 ligand Poly I:C (6.7 g/ml) and TLR4 ligand LPS (1 g/ml). 

Fluorescence emission, detected at 393-400 nm (blue/grey), in LPS-treated cells was significantly 

inhibited by 125 nM galardin [Figure 4.7]. Fluorescence due to the hydrolysis of Omni-MMP™, 

which occurs only in the presence of MMPs, is observed only in cells treated with TLR ligands, 

suggesting that when ligand binds receptor, an MMP(s) enzyme is activated, either released from 

the cell or on the cell membrane. 

 

TLR ligand-induced NFκBp65 activation in TLR-expressing cells is inhibited by galardin and 

pertussis toxin 

Next, we tested whether GPCR and MMP inhibitors would block TLR activation as evidenced by 

the downstream activation of nuclear transcription factor kappa B (NF B). We have already 

shown that inhibition of sialidase activity in TLR-expressing cells treated with TLR-specific 

ligand and specific inhibitors, results in a subsequent diminution of NF B activity (Amith et al, 

manuscript submitted). Here we show that, similar to LPS and zymosan-treated cells, bombesin-

treated cells show a strong NF B (p65, RelA) immunofluorescence localized to the nuclei of 

these cells. In this experiment, the anti-NF B antibody detects both active (localized in the 

nucleus) and inactive (localized in the cytoplasm) forms of NF B, whereas anti-I B  (which 

inactivates NF B in the cytoplasm but becomes phosphorylated for NF B to become active) is 

mostly localized in the cytoplasm. We found that TLR-specific ligand induced sialidase activity 
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was significantly blocked by both 500 nM galardin and 100 ng/ml pertussis toxin, similar to 

inhibition with neuraminidase inhibitor Tamiflu (oseltamivir phosphate) in HEK-TLR2 cells, as 

well as BMC-2 macrophages and DC2.4 cells [Figure 4.8A-C].  The reverse was found with the 

I B  immunofluorescent signal. A strong I B  signal is indicative of the presence of the inactive 

form of NF B, and this serves as a robust internal control to this assay system.  

 

MMP-9 potentially regulates TLR ligand-induced sialidase activity 

In order to determine the particular MMP that may play a role in the ligand-initiated induction of 

sialidase, we employed various MMP inhibitors and looked at dose-dependent inhibition in LPS-

treated BMC-2 macrophages. Galardin is marketed as a broad range MMP inhibitor, however, it 

specifically inhibits different MMPs at various inhibitory concentrations: (IC50 = 400 pM for 

MMP-1; IC50 = 500 pM for MMP-2; IC50 = 27 nM for MMP-3; IC50 = 100 pM for MMP-8; and 

IC50 = 200 pM for MMP-9. We show here that galardin inhibits sialidase activity in a dose-

dependent manner down to 32 pM (0.032 nM) concentration [Figure 4.9A]. Piperazine, which 

has inhibitory concentrations for MMP-1 (IC50 = 24 nM), MMP-3 (IC50 = 18.4 nM), MMP-7 (IC50 

= 30 nM), and MMP-9 (IC50 = 2.7 nM), is able to block LPS-induced sialidase activity at 2.4 nM 

concentration [Figure 4.9B]. Based on these results, we deduced that the specific MMP that may 

be playing a role in activating sialidase was likely either MMP-1, MMP-3 or MMP-9. When the 

MMP-3 specific inhibitor (IC50 = 5 nM), was used in LPS-treated cells, no inhibition of sialidase 

activity was seen even at high concentrations [Figure 4.9C]. The MMP-9 inhibitor (IC50 = 5 nM), 

which also inhibits MMP-1 (IC50 = 1.05 nM) and MMP-13 (IC50 = 113 nM) at much higher 

concentrations, was inhibitory in a dose-dependent manner to a concentration of 0.24 nM [Figure 
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4.9D]. These data collectively suggest a role for MMP-9 in the ligand-induced activation of 

sialidase. 
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DISCUSSION 

G-protein coupled receptors (GPCRs) are highly expressed in mononuclear phagocytic cells and 

certainly have a significant role in facilitating macrophage-mediated inflammatory responses. In 

fact, primary human and mouse macrophages express elevated levels of pertussis toxin (PTx)-

sensitive Gαi2 and Gαi3 G protein subtypes, and it is important to note that host- and pathogen-

derived GPCR agonists also regulate the inflammatory response through modulating macrophage 

chemotaxis, survival, and activation. (192, 193). Since toll-like receptors (TLRs) are the first 

responders to pathogen molecules, it is feasible to predict a syngergistic alliance of TLRs and 

GPCRs. Recent evidence suggests that in human gingival epithelial cells, the sphingosine-1 

phosphate receptor (S1P), a member of the GPCR receptor family, may modulate TLR signaling 

(194). PTx-sensitive G-proteins regulate not only GPCR signaling, but also TLR signaling. To 

date, however, there is no information on how these G-proteins regulate TLR activation. 

 

Here, we report preliminary evidence for a novel role for GPCR in the regulation of TLR activity 

as mediated by Neu1 sialidase. Using a cell-based assay to detect sialidase activity when ligand 

binds receptor, we have shown that broad range GPCR inhibitor, suramin, as well as specific 

inhibitor of G  proteins, pertussis toxin (PTx), both inhibit TLR activation and NF B activation 

induced by TLR-specific ligands. In addition, bombesin, a GPCR agonist (which signals via the 

G q/11 mediated phospholipase C signaling pathway), induces sialidase activity in HEK293 and 

BMC-2 cells. Also for the first time, we have shown a similarly regulatory role for matrix 

metalloproteinase enzymes in the activation of Neu1 sialidase on the cell membrane, based on 

inhibitor assays with broad range MMP inhibitors galardin (GM6001) and piperazine, as well as 

specific inhibitors of MMP-3 and MMP-9. Earlier studies have shown a link between MMPs and 
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TLR function in the past; for example, MMP-9 and TLR2 (195); MMP-13 and TLR9 (196); and 

one review suggests an important role for MMPs in regulating inflammation (197). Recently, the 

elastin receptor complex was shown to transduce signals through the catalytic activity of its Neu-

1 subunit (165), but how this is achieved remains unknown. Our study model, outlined in Figure 

4.10, proposes that MMP-9 activation is required to remove elastin-binding protein (EBP) (164, 

198) complexed to Neu1 and cathepsinA (163). Preliminary data to support this hypothesis show 

that when purified elastase enzyme is added to live DC2.4 cells, sialidase activity is detected, 

suggesting that the exogenous elastase is perhaps targeting EBP on the elastin receptor complex 

on the cell surface, thus activating Neu1. Together these results suggest that ligand binding to 

TLRs may involve GPCR signaling and MMP activation, although more detailed experiments are 

necessary to show this conclusively. 

 

In our experimental model of TLR4 activation [Figure 4.10], we propose that when LPS binds to 

TLR4/MD2/CD14 receptor complex, there is a conformational change in the receptor that 

activates a nearby GPCR, either independently or via heterotrimeric G  protein that is complexed 

to CD14 on the cell surface. This GPCR-mediated activation results in the subsequent activation 

of an MMP, most likely one which is able to cleave the elastin binding protein from the elastin 

receptor complex (Neu1/Cathepsin A/EBP) on the plasma membrane. This removal of EBP 

catalytically activates Neu1 and allows for the desialylation of the TLR, thus priming the receptor 

for dimerization and subsequent activation. However, several questions need to be addressed in 

order to provide conclusive evidence to support this hypothesis. Regarding the role for GPCR: Is 

there a particular GPCR working in concert with TLR, and is it sufficient that CD14 is complexed 

to G , for CD14-mediated TLR signaling? To answer this, LPS-mediated TLR responses will 
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need to be studied using mice with GPCR-expression deficiencies, or specifically targeted short-

interfering RNA (siRNA) gene knockdown of various GPCRs that may play a role in pathogen-

mediated inflammation. With respect to MMPs, we still need to determine if the MMP involved 

in ligand-induced TLR activation is on the cell surface or in the cytosol. Furthermore, we need to 

elucidate the function of MMP-9 in the regulation of TLR activation, potentially by using siRNA 

specifically targeted towards the gene knockdown of MMP-9 in TLR-expressing cells.  

 

Our recent discovery that Neu1 sialidase regulates the ligand-induced activation of Toll-like 

receptors (Amith et al, manuscript submitted) within seconds of ligand binding, left many 

questions unanswered. We have shown that Neu1 sialidase colocalizes with TLR on the cell 

surface, and certainly Neu1co-immunoprecipitates with TLR2, TLR3 and TLR4, suggesting a 

close association of these molecules in both stimulated and unstimulated cells. The exact 

mechanism of Neu1 sialidase activation upon ligand binding to TLR, however, is not known. The 

existing hypotheses regarding the mechanism of RTK transactivation by GPCR may provide 

some insight for the regulation of TLR activation as well. Two mechanisms have been suggested 

to account for epidermal growth factor receptor (EGFR) transactivation by GPCR agonists: either 

through the phosphorylation of Src (nonreceptor) tyrosine kinase, or via the matrix 

metalloproteinase (MMP)-mediated release of EGFR ligands (178). A necessary first step 

therefore, is screening assays utilizing various inhibitors of interest. We showed inhibition of 

TLR-ligand induced sialidase activity in the presence of K252a (protein kinase inhibitor), 

suramin (broad range GPCR inhibitor), pertussis toxin (specific inhibitor of G  protein signaling) 

and galardin (broad range inhibitor of MMPs). Of particular interest is that both PTx and galardin 

were able to inhibit NF B activation in TLR-ligand treated cells, suggesting that G  protein and 
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MMP involvement in the regulation of sialidase activity is critical to downstream TLR signaling. 

Using inhibitors against specific MMPs, we were able to show evidence that MMP-9 may play a 

key role in the activation of Neu1, potentially activating Neu1 by cleaving elastin binding protein 

from the Neu1/cathepsin A/ EBP complex on the cell membrane. Indeed, MMP-9, but not MMP-

3, has substrate specificity for elastin (182); this is supported by our data. 

 

Finally, it is well documented that GPCR/G  proteins play a role in TLR-mediated cellular 

function (175-177), even though the mechanisms behind these interactions have not been 

determined. This study presents preliminary evidence for a role for G-protein coupled receptors, 

likely mediated via the activation of heterotrimeric G  proteins, and matrix metalloproteinase 

enzymes in this initial activation of Neu1 sialidase. Using broad range and specific inhibitors of 

GPCRs and MMPs, we speculate a role for a G -mediated activation of MMP-9 (gelatinase B) 

that cleaves elastin binding protein from a complex of Neu1/cathepsin A/EBP at the plasma 

membrane, allowing for the induction of Neu1 sialidase which further facilitates the activation of 

Toll-like receptors on the surface of immune cells. 
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Figure 4.1. TLR3 ligand Poly I:C induces sialidase activity in HEK-TLR3 cells.  Cells were 

allowed to adhere on 12mm circular glass slides in media containing 5% horse and 3% fetal calf 

sera with 0.04µg/ml G418 for 24h at 37 C. After removing media, 0.2 mM 4-MUNANA  (4-MU) 

substrate in Tris buffered saline pH 7.4 was added to cells alone (control), with 40 µg/ml Poly 

I:C, or in combination with 40 µg/ml Poly I:C and 0.25 mg/ml Tamiflu, 100 nM K252a or 200 

µM Suramin. Fluorescent images were taken at 1 min after adding substrate using epi-fluorescent 

microscopy (40x objective). The mean fluorescence for each of the images was measured using 

MetaMorph 7 Software. The data are a representation of one out of three independent 

experiments showing similar results. 
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Figure 4.2. LPS-induced sialidase activity in HEK-TLR4/MD2 cells is inhibited by PTx and 

galardin, similarly to Tamiflu.  Cells were allowed to adhere on 12mm circular glass slides in 

media containing 5% horse and 3% fetal calf sera with 0.04µg/ml G418 for 24h at 37 C. After 

removing media, 0.2 mM 4-MUNANA  (4-MU) substrate in Tris buffered saline pH 7.4 was 

added to cells alone (control), with 1 µg/ml LPS, or in combination with 1 µg/ml LPS and 0.25 

mg/ml Tamiflu, 33.3 ng/ml pertussis toxin (PTx), or 125 nM galardin. Fluorescent images were 

taken at 1 min after adding substrate using epi-fluorescent microscopy (40x objective). The mean 

fluorescence for each of the images was measured using MetaMorph 7 Software. The data are a 

representation of one out of three independent experiments showing similar results.   
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Figure 4.3. GPCR agonist bombesin induces sialidase activity in HEK-TLR4/MD2 cells, 

similar to LPS. HEK-TLR4/MD2 cells were allowed to adhere on 12mm circular glass slides in 

media containing 5% horse and 3% fetal calf sera with 0.04µg/ml G418 for 24h at 37 C. After 

removing media, 0.2 mM 4-MUNANA (4-MU) substrate was added to cells alone (Control); 

either with 1 g/ml LPS, or 16.7 g/ml bombesin. 4-MU is hydrolysed by sialidase to give free 4-

methylumbelliferone which has a fluorescence emission at 450nm (blue color) following 

excitation at 365nm. Fluorescent images were taken at 1 min after adding substrate using epi-

fluorescent microscopy (40x objective). The mean fluorescence for each of the images was 

measured using MetaMorph 7 Software. The data are a representation of one out of three 

independent experiments showing similar results.  
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Figure 4.4. GPCR agonist bombesin induces sialidase activity in HEK-293 cells. HEK-293 

(human embryonic kidney epithelial) cells were allowed to adhere on 12mm circular glass slides 

in media containing 5% horse and 3% fetal calf sera for 24h at 37 C. After removing media, 0.2 

mM 4-MUNANA (4-MU) substrate was added to cells alone (Control); and with 50 µM 

bombesin alone or in combination either with 50 µM suramin (broad range GPCR inhibitor), or 

25 nM K252a (cell permeable protein kinase inhibitor). The substrate is hydrolysed by sialidase 

to give free 4-methylumbelliferone which has a fluorescence emission at 450nm (blue color) 

following excitation at 365nm. Bombesin-induced sialidase activity in the absence of toll-like 

receptors indicates that the GPCR activation is somehow mechanistically involved in the 

induction of sialidase independent of TLR ligands. Fluorescent images were taken at 1 min after 

adding substrate using epi-fluorescent microscopy (40x objective). The mean fluorescence for 

each of the images was measured using MetaMorph 7 Software. The data are a representation of 

one out of three independent experiments showing similar results. 
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Figure 4.5. Bombesin induces sialidase activity in BMC-2 macrophages. Cells were allowed 

to adhere on 12mm circular glass slides in media containing 5% horse and 3% fetal calf sera for 

24h at 37 C. After removing media, 0.2 mM 4-MUNANA  (4-MU) substrate was added to cells 

alone (Control); and with 50 µM bombesin alone or in combination with 62.5 nM galardin 

(GM6001, broad range MMP inhibitor).The substrate is hydrolysed by sialidase to give free 4-

methylumbelliferone which has a fluorescence emission at 450nm (blue color) following 

excitation at 365nm. Fluorescent images were taken at 1 min after adding substrate using epi-

fluorescent microscopy (40x objective). The mean fluorescence for each of the images was 

measured using MetaMorph 7 Software. The data are a representation of one out of three 

independent experiments showing similar results.  
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Figure 4.6. Elastase and bradykinin induce sialidase activity in DC2.4 cells. Cells were grown 

on 12-mm circular glass slides in medium containing 5% horse and 5% fetal calf sera.  After 

removing medium, 2.04 mM 4-MUNANA (4-MU) substrate was added to each well alone 

(Control), with 100 μg/ml pure elastase or 100 μg/ml bradykinin. A positive control sialidase 

(from Clostridium perfringens; specific activity of 1 U per 1.0 mmole of N-acetylneuraminic acid 

per minute) or pure elastase were added to 2 μl of 2.04 mM 4-MUNANA substrate alone. The 

substrate is hydrolyzed by sialidase to give free 4-methylumbelliferone which has a fluorescence 

emission at 450 nm (blue color) following an excitation at 365 nm. Fluorescent images were 

taken at 1 min after adding substrate using epi-fluorescent microscopy (40x objective). The mean 

fluorescence for each of the images was measured using MetaMorph 7 Software. The data are a 

representation of one out of three independent experiments showing similar results. 
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Figure 4.7. Zymosan, Poly I:C and LPS induce matrix metalloproteinase activity in BMC-2 

cells, which is inhibited by galardin.  BMC-2 macrophage cells were allowed to adhere on 

12mm circular glass slides in media containing 5% horse and 3% fetal calf sera for 24h at 370C. 

After removing media, 0.91 mM OmniMMP™ fluorogenic substrate [Mca-Pro-Leu-Gly-Leu-

Dpa-Ala-Arg-NH2•AcOH [Mca=(7-methoxycoumarin-4-yl)acetyl;Dpa=N-3-(2,4-dinitrophenyl)-

L-α,β-diaminopropionyl] (BioMol) in 20 μg/ml DMSO was added to cells alone (control); and 

with: 66.7 ug/ml Zymosan A,  6.7 ug/ml Poly I:C, 1 µg/ml LPS, or in combination with  125 nM 

galardin (GM 6001). The OmniMMP™ substrate is hydrolysed by most matrix metalloproteinase 

(MMP) enzymes. Mca fluorescence is quenched by the Dpa group until cleavage seperates them 

(MMPs cleave between Gly-Leu). OmniMMP™ has a fluorescence emission at 393nm following 

excitation at 328nm. Fluorescent images were taken at 1 min after adding substrate using epi-

fluorescent microscopy (40x objective). The mean fluorescence for each of the images was 

measured using MetaMorph 7 Software. The data are a representation of one out of three 

independent experiments showing similar results. 

 

  



 

171 

 

 

  



 

172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8A. LPS induced NFκB activation in DC2.4 dendritic cells. DC-2.4 dendritic cells 

were pretreated with 200 uM Tamiflu, 500 nM Galardin (broad matrix metalloproteinase [MMP] 

inhibitor), 100ng/ml pertussis toxin for 30 min followed with either 3 µg/ml LPS or 100 µg/ml 

bombesin, a GPCR agonist for 15 min.  Cells were fixed, permeabilized, and immunostained with 

rabbit anti-NFkB p65 or rabbit anti-IkBα followed with Alexa Fluor 594 rabbit anti-goat IgG. 

Stained cells were visualized by epi-fluorescence microscopy using a 40x objective. Control 

images had no primary antibody. Approximately 95% of LPS-treated cells immunostained with 

NFkBp65 had nuclear staining (Inset). The data are a representation of one out of three 

independent experiments showing similar results. Quantitative analysis was done by assessing the 

density of cell staining corrected for background in each panel image using Corel Photo Paint 8.0 

software. Comparisons of groups were made by one-way ANOVA at 95% confidence using 

Bonferroni’s Multiple Comparison Test compared to the LPS group.   
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Figure 4.8B. LPS induced NFκB activation in BMC2 macrophage cells. BMC-2 macrophage 

cells were pretreated with 200 uM Tamiflu, 500 nM Galardin (broad matrix metalloproteinase 

[MMP] inhibitor), 100ng/ml pertussis toxin for 30 min followed with either 3 µg/ml LPS or 100 

µg/ml bombesin, a GPCR agonist for 15 min.  Cells were fixed, permeabilized, and 

immunostained with rabbit anti-NFkB p65 or rabbit anti-IkBa followed with Alexa Fluor 594 

rabbit anti-goat IgG. Stained cells were visualized by epi-fluorescence microscopy using a 40x 

objective. Control images had no primary antibody. Approximately 95% of LPS-treated cells 

immunostained with NFkBp65 had nuclear staining (Inset). The data are a representation of one 

out of three independent experiments showing similar results. Quantitative analysis was done by 

assessing the density of cell staining corrected for background in each panel image using Corel 

Photo Paint 8.0 software. Comparisons of groups were made by one-way ANOVA at 95% 

confidence using Bonferroni’s Multiple Comparison Test compared to the LPS group.  
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Figure 4.8C. Zymosan induced NFkB activation in HEK-TLR2 cells. HEK-TLR2 cells were 

pretreated with 200 uM Tamiflu, 500 nM Galardin (broad matrix metalloproteinase [MMP] 

inhibitor), 100ng/ml pertussis toxin for 30 min followed with either 200 µg/ml Zymosan A or 100 

µg/ml bombesin, a GPCR agonist for 15 min.  Cells were fixed, permeabilized, and 

immunostained with rabbit anti-NFkB p65 or rabbit anti-IkBa followed with Alexa Fluor 594 

rabbit anti-goat IgG. Stained cells were visualized by epi-fluorescence microscopy using a 40x 

objective. Control images had no primary antibody. Approximately 95% of zymosan-treated cells 

immunostained with NFkBp65 had nuclear staining. The data are a representation of one out of 

three independent experiments showing similar results. Quantitative analysis was done by 

assessing the density of cell staining corrected for background in each panel image using Corel 

Photo Paint 8.0 software. Comparisons of groups were made by one-way ANOVA at 95% 

confidence using Bonferroni’s Multiple Comparison Test compared to the LPS group.  
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Figure 4.9A. LPS-induced sialidase activity in BMC-2 macrophages is inhibited by galardin 

in a dose-dependent manner.  Cells were allowed to adhere on 12mm circular glass slides in 

media containing 5% horse and 3% fetal calf sera with 0.04µg/ml G418 for 24h at 37 C. After 

removing media, 0.2 mM 4-MUNANA  (4-MU) substrate in Tris buffered saline pH 7.4 was 

added to cells alone (control), with 1 µg/ml LPS, or in combination with galardin (GM6001) at 

the indicated concentrations. Galardin specifically inhibits different MMPs at these 

concentrations: (IC50 = 400 pM for MMP-1; IC50 = 500 pM for MMP-2; IC50 = 27 nM for MMP-

3; IC50 = 100 pM for MMP-8; and IC50 = 200 pM for MMP-9. Fluorescent images were taken at 1 

min after adding substrate using epi-fluorescent microscopy (40x objective). The mean 

fluorescence for each of the images was measured using MetaMorph 7 Software. The data are a 

representation of one out of three independent experiments showing similar results.  
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Figure 4.9B. LPS-induced sialidase activity in BMC-2 macrophages is inhibited by 

piperazine in a dose-dependent manner.  Cells were allowed to adhere on 12mm circular glass 

slides in media containing 5% horse and 3% fetal calf sera with 0.04µg/ml G418 for 24h at 37 C. 

After removing media, 0.2 mM 4-MUNANA  (4-MU) substrate in Tris buffered saline pH 7.4 

was added to cells alone (control), with 1 µg/ml LPS, or in combination with piperazine (MMP 

inhibitor II) at the indicated concentrations. Piperazine specifically inhibits different MMPs at 

these concentrations: MMP-1 (IC50 = 24 nM), MMP-3 (IC50 = 18.4 nM), MMP-7 (IC50 = 30 nM), 

and MMP-9 (IC50 = 2.7 nM). Fluorescent images were taken at 1 min after adding substrate using 

epi-fluorescent microscopy (40x objective). The mean fluorescence for each of the images was 

measured using MetaMorph 7 Software. The data are a representation of one out of three 

independent experiments showing similar results. 
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Figure 4.9C. Specific inhibitor of MMP-3 does not block LPS-induced sialidase activity in 

BMC-2 macrophages.  Cells were allowed to adhere on 12mm circular glass slides in media 

containing 5% horse and 3% fetal calf sera with 0.04µg/ml G418 for 24h at 37 C. After removing 

media, 0.2 mM 4-MUNANA  (4-MU) substrate in Tris buffered saline pH 7.4 was added to cells 

alone (control), with 1 µg/ml LPS, or in combination with MMP-3 specific inhibitor at the 

indicated concentrations. The data are a representation of one out of three independent 

experiments showing similar results Fluorescent images were taken at 1 min after adding 

substrate using epi-fluorescent microscopy (40x objective). The mean fluorescence for each of 

the images was measured using MetaMorph 7 Software. The data are a representation of one out 

of three independent experiments showing similar results.  

  



 

183 

 

 

  



 

184 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9D. MMP-9 plays a role in LPS-induced sialidase activity in BMC-2 macrophages.  

Cells were allowed to adhere on 12mm circular glass slides in media containing 5% horse and 3% 

fetal calf sera with 0.04µg/ml G418 for 24h at 37 C. After removing media, 0.2 mM 4-MUNANA  

(4-MU) substrate in Tris buffered saline pH 7.4 was added to cells alone (control), with 1 µg/ml 

LPS, or in combination with MMP-9 inhibitor at the indicated concentrations. The MMP-9 

inhibitor (IC50 = 5 nM), which also inhibits MMP-1 (IC50 = 1.05 nM) and MMP-13 (IC50 = 113 

nM) at much higher concentrations, was inhibitory in a dose-dependent manner to a concentration 

of 0.24 nM. These data collectively suggest a role for MMP-9 in the ligand-induced activation of 

sialidase. Fluorescent images were taken at 1 min after adding substrate using epi-fluorescent 

microscopy (40x objective). The mean fluorescence for each of the images was measured using 

MetaMorph 7 Software. The data are a representation of one out of three independent 

experiments showing similar results. 
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Figure 4.10. Proposed model for the multiplex regulation of ligand/TLR4-induced sialidase 

activity. Based on our preliminary data, we are proposing that initial ligand-TLR interaction 

induces GPCR signaling and MMP activation, which are necessary steps for the induction of 

Neu1 sialidase activity which further facilitates TLR activation and dimerization. LPS is known 

to first bind to CD14, which when complexed to TLR4/MD2 allows for recognition of this Gram-

negative pathogen molecule. The next step involves the activation of G /GPCR. We demonstrate 

that LPS-induced sialidase activity can be blocked by suramin (which inhibits GDP-GTP 

exchange, the rate limiting step in the activation of G  subunits) and by pertussis toxin (which 

blocks G i subunit-mediated GPCR activation). GPCR agonist bombesin treatment of BMC-2 

and HEK-TLR4/MD cells also induces sialidase activity in our assay system, which is 

independent of TLR ligands. In addition, bombesin is shown to induce NF B activity localized to 

the nucleus in BMC-2, DC2.4, and HEK-TLR2 cells.  The next step depends on the GPCR-

mediated activation of an MMP. LPS and bombesin treatment of cells induce MMP activation (as 

evidenced with the OmniMMP™ assay) as well as sialidase activity which can be blocked by 

galardin and piperazine (broad range MMP inhibitors). Activated MMP (possibly MMP-9 based 

on inhibitor assays) likely hydrolyzes elastin binding protein from the elastin receptor complex in 

order to activate Neu1 sialidase, which in turn hydrolyzes  α2,3-sialyl residues on the TLR. 

Further studies are needed to elucidate the key players in the GPCR and MMP activation 

pathways involved in TLR activation. 
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ABSTRACT 

 

 

Haemophilia A, a bleeding disorder that ranges from severe to mild depending on extent of 

deficiency in the genetic functionality of blood coagulation factor VIII (FVIII), is typically 

treated with infusions of therapeutic FVIII (including recombinant human FVIII). Unfortunately, 

in a significant population of patients undergoing this therapy, treatment is complicated by an 

immunogenic response to therapeutic FVIII that results in the formation of neutralizing anti-FVIII 

antibodies (FVIII inhibitors). While the nature of these T and B cell-mediated immune responses 

are well documented, the exact manner in which they are initiated is not known. In a recent study, 

we showed that toll-like receptor (TLR) activation upon binding its specific ligand was mediated 

by the rapid induction of a Neu1 sialidase enzyme, which specifically targets and hydrolyses -

2,3-linked sialic acids on the receptor, thus potentially priming the receptor for dimerization and 

and subsequent signaling. Using an assay developed to detect this TLR ligand-induced sialidase 

activity in various TLR-expressing cells, we were able to show an interaction of recombinant 

human FVIII (rH-FVIII) that was specific to TLR2. This intriguing discovery was more 

significant due to the fact that thrombin-activated FVIII (FVIIIa), and plasma-derived complexes 

of VWF-FVIII did not show a similar association. In addition, rH-FVIII stimulated cells also 

showed a marked increase in NF B localized to the cytoplasm and nuclei, compared to controls 

and cells treated with FVIIIa and VWF-FVIII. Our data presents the first evidence for an 

association between FVIII and TLR2 that may explain FVIII-mediated immunogenicity, and will 

define a new, albeit provocative role for TLR2. 
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CHAPTER 5 

 

THE NOVEL INTERACTION OF BLOOD COAGULATION FACTOR VIII WITH  

TOLL-LIKE RECEPTOR-2 

 

 

INTRODUCTION 

 

Factor VIII is a clotting factor synthesized by hepatocytes and reticuloendothelial cells (199). 

Structurally, FVIII is comprised of a single chain glycoprotein composed of three distinct 

domains: (NH2) A1-A2-B-A3-C1-C2 (COOH). In normal circulation, FVIII is stabilized by its tight 

non-covalent association with another plasma glycoprotein, von Willebrand factor (VWF). In 

order to be functional, FVIII is proteolytically cleaved by thrombin at three points: between A1 

and A2, between A2 and B, and finally to release the A2 peptide from the light chain, which 

results in a rapid dissociation from VWF and the formation of the activated FVIII (FVIIIa) trimer 

that lacks the B domain (200). Activated FVIII functions as a co-factor for factor IXa activation 

of factor X in the blood coagulation cascade (199). Mutations in the FVIII gene results in 

haemophilia A, an X-linked  bleeding disorder, the severity of which is inexorably associated 

with the degree of deficiency of functional FVIII, where some mutations result in dysfunctional 

circulating proteins, and others affect FVIII function, secretion or stability in circulation (200, 

201). Deficiency or structural defects in VWF results in another common inherited bleeding 

disorder known as von Willebrand’s disease, where the disease pathology is essentially tied to the 

drastically reduced half-life of FVIII in the circulation (from 12 hours to 1-2 hours) in the absence 

of VWF (202).  
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Haemophilia A is currently treated with purified recombinant FVIII, however, about 15 to 30% of 

patients undergoing replacement therapy develop neutralizing antibodies to FVIII (termed FVIII 

inhibitors) that complicates treatment (201). The immune response to therapeutic treatment with 

FVIII is mediated by CD4
+
 T cells, which then incite FVIII-specific B cells to form FVIII-

antibody producing plasma cells (203). However, the exact nature of how the FVIII immune 

response is initiated is not known. Generally, CD4
+
 T cell activation necessitates the presentation 

of antigenic peptides by MHC class II and co-stimulatory molecules on professional antigen 

presenting cells, most likely mature dendritic cells (DCs). DC maturation is generally triggered 

by exogenous (e.g. pathogen-associated molecules) or endogenous (e.g. pro-inflammatory 

cytokines) stimuli. However, it was recently discovered that treatment of peripheral blood 

monocyte-derived DCs with physiological concentrations of FVIII, thrombin-activated FVIII, 

VWF, or a complex of VWF-FVIII, did not facilitate the maturation of DCs to stimulate T cell 

populations (201). Interestingly, it appears that VWF, when in complex with FVIII, is 

immunoprotective, preventing the entry of FVIII into antigen presenting cells. In fact, the in vitro 

analysis of the kinetics of internalization of FVIII by peripheral blood monocyte-derived DCs, 

showed that increasing ratio of VWF to FVIII reduces FVIII endocytosis by DCs in a dose-

dependent manner (204). It has been suggested that the co-administration of FVIII with VWF in 

vivo reduces FVIII immunogenicity; in normal plasma the FVIII/VWF molar ratio is 1:50, while 

therapeutic FVIII/VWF ratios range from 1:64 to 1:229 upon administration to patients. Whether 

or not higher amounts of VWF in therapeutic FVIII preparations are associated with decreased 

incidence of FVIII inhibitors in humans, however, is still not known (204). Certainly, in mice, it 

has been demonstrated that the levels of FVIII inhibitors induced upon treatment with 

recombinant FVIII (rFVIII) are higher compared to treatment with plasma-derived VWF/FVIII 
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preparations; also, the addition of VWF to rFVIII reduces the levels of FVIII inhibitors induced 

(205). 

 

In investigating the potential mechanism by which the immune response to therapeutic FVIII is 

initiated, it is worthwhile to consider Smiley et al (206), where the authors reported that in the 

murine RAW264.7 macrophage cell line and primary peritoneal mouse macrophages stimulated 

with plasma glycoprotein fibrinogen (coagulation Factor I) produced macrophage-inflammatory 

chemokines that promote the attraction of T cells, neutrophils and additional macrophages, 

similar to, but independent of treatment with bacterial lipopolysaccharide (LPS). Furthermore, it 

was found that both fibrinogen- and LPS-stimulated chemokine production
 
was the effector 

response of a common, toll-like receptor 4 (TLR4)-mediated signaling pathway. In fact, 

fibrinogen-induced production of inflammatory proteins is significantly reduced in mutant-TLR4 

versus wildtype-TLR4 mice. This fibrinogen-TLR4 signaling pathway was recently characterized 

in HEK293-CD14-MD2 cells expressing TLR4 where fibrinogen induced: phosphorylation of 

ERK1, p38alpha and JNK, and activated transcription factors NF B, Elk-1 and AP-1 (activator 

protein-1). The resulting inflammatory response was characterized by IL6 and TNF  synthesis, 

and increased IL8, matrix metalloproteinase (MMP)-1, MMP-9, and MCP-1 (macrophage 

chemoattractant protein-1) promoter activity. When HEK293-CD14-MD2 cells expressing 

TLR4(D299G) or TLR4(T300I) (the two known polymorphisms of human TLR4, both of which 

render the receptor hyporesponsive to LPS) are stimulated with fibrinogen, there was marked 

decrease in NF B activation compared to wildtype-TLR4-expressing cells, with the maximal 

nuclear localization of NF B measured at 4 h post-stimulation (207).   
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TLRs are classically regarded as the primary pathogen recognition receptors of the innate 

immune system, but they also play a significant role in activating adaptive immune responses 

involving immunologic memory through TLR-activated immunomodulatory genes which result 

in the upregulated expression or activity of antigen presenting cells and cytokines that promote T 

and B lymphocyte proliferation (5). While the roles of the various TLRs in the pathophysiology 

of infectious diseases are extensively documented, there several lines of evidence implicating 

TLRs in the progression of non-infectious, and even autoimmune, diseases. Perhaps, these 

evolutionarily
 
conserved Toll proteins signal, not only in response to invading pathogens, but also 

to endogenous host molecules, like fibrinogen or perhaps even FVIII. 

 

Using a newly developed fluorogenic sialidase enzyme assay (41) that can be modified to indicate 

novel ligand-receptor interactions in live cells, we report for the first time, the potential 

interaction of FVIII with TLR2. We have previously shown that when specific ligands bind to 

Trk tyrosine kinase receptors (i.e. when nerve growth factor and brain-derived neurotrophic factor 

bind TrkA and TrkB receptors respectively (41)) and toll-like receptors (e.g. when LPS bind to 

TLR4), sialidase enzymes are induced which desialylate the receptor and facilitates receptor 

dimerization and subsequent activation. Endogenous mammalian sialidases (or neuraminidases), 

are glycohydrolytic enzymes that catalyze the removal of sialic acid residues from glycoproteins 

and glycolipids (28). To date, four types of human sialidases have been cloned and characterized 

at the molecular level. These are classified by their subcellular localization as intralysosomal 

(Neu1), cytosolic (Neu2), plasma membrane-bound (Neu3) and lysosomal or mitochondrial 

associated (Neu4); they differ, however, in their functions and substrate specificities (29). In the 

TLR model, Neu1 sialidase was identified as potentially having a regulatory role in ligand-
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induced TLR activation (Amith et al, manuscript submitted). Based on preliminary evidence 

presented here, we show that canine and recombinant human FVIII induces sialidase activity in 

TLR2-, but not TLR3- or TLR4-expressing cells and human platelets, similar to TLR2 ligands, 

zymosan (component of yeast cell walls) and killed Mycobacterium butyricum. This sialidase 

activity, which is reasonably representative of FVIII binding to TLR2, is not seen in TLR2-

expressing cells treated with plasma-derived complexes of VWF-FVIII, or thrombin-activated 

human or canine FVIII, or thrombin alone. Further investigation is necessary to substantiate this 

discovery, but the potential interaction of FVIII with TLR2 may finally be the missing piece in 

the puzzle of FVIII-mediated immune responses. 
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MATERIAL AND METHODS 

 

Cells 

BMC-2 macrophage cells (145) and DC2.4 dendritic cells (146) were obtained from Dr Ken L. 

Rock, University of Massachusetts Medical School, Worcester, MA. The HEK293 human 

embryonic kidney epithelial parental cell line was a gift from Dr Leda Raptis (Queen’s 

University, Kingston, Canada). Stable HEK-TLR cells were obtained by calcium phosphate 

transfection of a pCDNA3 expession vector for a specific chimeric TLR with an in frame C-

terminal YFP and selection in 0.4 μg/ml G418. The HEK-TLR4/MD2 cell line was generated by 

additional co-transfection of an expression plasmid for human MD2. All cells were grown at 

37
o
C in 5% CO2 in culture media containing DMEM (Gibco, Rockville, MD) supplemented with 

5% horse serum (Gibco) and 3% fetal calf serum (HyClone, Logan, Utah, USA). Human platelets 

were isolated and provided by Dr. Maha Othman (Queen’s University, Kingston, Canada). 

 

Factor VIII and Von Willebrand Factor 

Recombinant human FVIII (rFVIII) (Kogonate-FS
®
, Bayer Inc., Berkeley, CA), purified canine 

FVIII (as previously described (208)), plasma-derived VWF concentrate (Biotest AG, Dreieich, 

Germany) and plasma-derived VWF-FVIII complex (ratio VWF/FVIII = 2.4:1, for 2 units/10 l 

concentration of FVIII) were kindly provided by Dr. David Lillicrap (Queen’s University, 

Kingston, Canada). Thrombin (Sigma-Aldritch) was used at the indicated concentrations.  
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Ligands   

TLR2 ligands Zymosan A (from Saccharomyces cerevisiae, Sigma-Aldritch) and killed 

Mycobacterium butyricum (DIFCO) was used at predetermined optimal dosage. TLR3 ligand 

polyinosinic-polycytidylic acid (poly I:C, Sigma-Aldritch) was used at indicated concentrations. 

TLR4 ligand lipopolysaccharide (LPS, from Serratia marcescens and purified by phenol 

extraction, Sigma-Aldritch) was used at indicated concentrations. Epidermal growth factor (EGF 

from murine submaxillary gland, Sigma-Aldritch) binds to EGF receptors which are expressed in 

HEK293 cells (209).  

 

Inhibitors and antibodies 

Tamiflu (pure oseltamivir phosphate, Hoffmann-La Roche Ltd., Mississauga, Ontario, Lot # 

S00060168) was used at indicated concentrations. K252a (from Nocardiopsis species, Sigma-

Aldritch) is an inhibitor of tyrosine protein kinase activity of the trk family of oncogenes and 

neurotrophin receptors. Suramin (suramin sodium salt, Sigma-Aldritch) uncouples G-proteins 

from receptors, and is a broad range inhibitor of GPCR activation. Antibodies used were: rabbit 

anti-human FVIII (SC 33583) and rabbit anti-human TLR2 (SC H-175) antibodies (Santa Cruz 

Biotechnologies Inc, CA). 

 

Sialidase activity in viable cells – Sialidase Assay 

Cells were grown on 12 mm circular glass slides in conditioned medium as described. After 

removing medium, 2.04 mM 4-MUNANA (4-MU) substrate [2’-(4-methylumbelliferyl)-α-D-N-

acetylneuraminic acid] (Sigma-Aldrich) in Tris buffered saline pH 7.4 was added to each slide 

alone (control), with predetermined dose of specific ligand, or in combination of ligand and 
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inhibitor at indicated doses. After removing medium and washing, 2.04 mM 4-MUNANA 

substrate in Tris buffered saline pH 7.4 was added to each well either alone or  in combination 

with TLR specific ligand as previously described (41). The substrate is hydrolyzed by sialidase to 

give free 4-methylumbelliferone which has a fluorescence emission at 450 nm (blue color) 

following an excitation at 365 nm. Fluorescent images were taken after 1 (shown) to 5 minutes 

(not shown) using epi-fluorescent microscopy (40x objective).  

 

Immunocytochemistry of NFκB 

HEK-TLR2 cells were treated with FVIII, VWF-FVIII or thrombin-FVIII (FVIII pre-incubated 

with 50 units/ml thrombin for 30 min) for 45 min. Cells were fixed, permeabilized, and 

immunostained with rabbit anti-NFκBp65 (Rockland, Gilbertsville, PA), or rabbit anti-IκBα 

(Rockland) antibodies followed with Alexa Fluor594 goat anti-rabbit IgG. Stained cells were 

visualized by epi-fluorescence microscopy using a 40x objective.  Quantitative analysis was done 

by assessing the density of cell staining corrected for background in each panel using Corel Photo 

Paint 8.0 software. Each bar in the figures represents the mean corrected density of staining ± 

SEM for all cells (n) within the respective images. P values represent significant differences at 

95% confidence using Dunnett’s Multiple Comparison Test compared to control (Ctrl) in each 

group.  

 

Statistics   

Comparisons between two groups were made by one-way ANOVA at 95% confidence using 

unpaired t-test and Bonferroni’s Multiple Comparison Test or Dunnett’s Multiple Comparison 

Test for comparisons among more than two groups.  
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RESULTS 

 

Canine (C-FVIII) and human (H-FVIII) factor VIII, but not thrombin-activated FVIII, 

induces sialidase activity in BMC-2 macrophages. 

Using a recently developed assay to detect sialidase activity on the surface of viable cells (41) 

(see appendix for full assay protocol), we found that canine and recombinant human factor VIII 

(FVIII) induced sialidase activity on the surface of BMC-2 macrophages, similar to killed 

Mycobacterium butyricum (TLR2 ligand), poly I:C (TLR3 ligand),  and lipopolysaccharide (LPS) 

(TLR4 ligand). This activity was revealed by an uniform fluorescence (λem 450 nm) surrounding 

the cells treated with the fluorogenic sialidase substrate, 4MU-NeuAc (2’-(4-methylumbelliferyl)-

α-D-N-acetylneuraminic acid) and caused by the emission of 4-methylumbelliferone [Figure 

5.1]. When BMC-2 macrophages are similarly treated with either canine or recombinant human 

FVIII that was first incubated with thrombin, which in normal circulation cleaves FVIII and 

releases it from VWF, resulting in the activated FVIIIa, no sialidase activity is observed [Figure 

5.2].  This suggests that only the inactive form of FVIII is associating with a receptor on the cell 

surface, likely a TLR. 

 

Recombinant human factor VIII (rH-FVIII) interacts with TLR2, but not TLR3 or TLR4 in 

TLR-expressing HEK293 cells. 

The sialidase that can be modified to indicate novel ligand-receptor interactions in live cells (see 

appendix). Since, BMC-2 macrophages express TLRs, we asked if the FVIII-induced sialidase 

activity could be due to an interaction or binding of FVIII to a specific TLR. Using the human 

embryonic kidney epithelial cell line (HEK293) stably transfected with either TLR4/MD2, TLR3 
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or TLR2, we were able to show that recombinant human FVIII-induced sialidase activity was 

only seen in HEK-TLR2 cells similar to the positive control, TLR2 ligand zymosan. When HEK-

TLR4/MD2 (positive control-LPS) or HEK-TLR3 (positive control-poly I:C) are similarly treated 

with rH-FVIII, no sialidase activity was observed, indicating that the FVIII-mediated response is 

signaling through TLR2 [Figure 5.3]. As an additional control, we treated parental HEK293 cells 

with FVIII, and saw no associated sialidase activity; the positive control used here was epidermal 

growth factor (EGF) which binds to EGF receptors on HEK293 cells. Since we had previously 

been using higher than physiological concentrations of FVIII in our sialidase assay experiments, 

we asked if FVIII-induced sialidase activity could still be detected at lower amounts; the plasma 

concentration of FVIII is 150 ng/ml (199). Using a dose-response sialidase assay, we were able to 

detect FVIII-induced sialidase activity to 83 ng/ml in HEK-TLR2 cells [Figure 5.4], indicating a 

FVIII-TLR2 interaction even at physiological concentrations. Interestingly, when 170 ng/ml rH-

FVIII is pre-incubated with anti-FVIII antibody prior to adding to HEK-TLR2 cells, no sialidase 

activity is observed, suggesting that the antibody is binding to and neutralizing FVIII, and 

somehow preventing its association with TLR2 [Figure 5.4B].  Indeed, when HEK-TLR2 cells 

are first pre-treated with anti-TLR2 antibodies prior to adding FVIII, so sialidase activity is 

observed, further implicating TLR2 as the binding site for FVIII [Figure 5.4C].   

 

Recombinant human factor VIII (rH-FVIII), but not human plasma-derived VWF-FVIII 

complex, induces sialidase activity in HEK-TLR2 cells. 

Since FVIII in circulation is found in complex with von Willebrand factor (VWF), we asked if 

human plasma derived VWF-FVIII complexes would induce sialidase activity in HEK-TLR 

expressing cells. As shown in Figure 5.5, the sialidase activity induced by treating HEK-TLR2 
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cells with rH-FVIII was significantly reduced when cells were treated with VWF-FVIII, but 

fluorescence is detectable again if rH-FVIII is added in combination with VWF-FVIII. When 

purified recombinant VWF is added to cells, no sialidase activity was observed suggesting that 

VWF itself does not appear to associate with TLR2. We also showed that VWF-FVIII complexes 

do not induce sialidase activity in HEK293 cells expressing TLR4/MD2 or TLR3 [Figure 5.6]. 

 

Canine (C-FVIII) and human (H-FVIII) factor VIII induces sialidase activity in human 

platelets. 

It was recently reported that human platelets express toll-like receptors TLR2, TLR4 and TLR9 

(210). Using the sialidase assay, we showed that when platelets are treated with ligands for TLR2 

(M. butyricum and zymosan) and TLR4 (LPS), sialidase activity was detected, but not when 

platelets were similarly treated with TLR3 ligand poly I:C [Figure 5.7A]. We asked then, since 

platelets express TLR2, would FVIII induce sialidase activity in these cells? Indeed this was the 

result; both canine and recombinant human FVIII, but not thrombin-activated forms of the same, 

were able to induce sialidase activity [Figure 5.7B]. In addition, in platelets treated with VWF-

FVIII, or purified VWF alone, no sialidase activity was observed [Figure 5.7C].  

 

Recombinant human FVIII (rH-FVIII) induces NFκBp65 in HEK-TLR2 cells. 

Finally, we tested whether FVIII would induce TLR-mediated activation of nuclear transcription 

factor kappa B (NFκB) and its translocation to the nucleus in HEK-TLR2 cells. The results of the 

sialidase assay suggests an interaction between rH-FVIII and TLR2, but does this interaction 

further induce TLR2-mediated signaling that ultimately results in the activation and translocation 

to the nucleus of transcription factor NF B? Here we show that, in cells treated with rH-FVIII for 

45 min, but not cells treated with either plasma-derived VWF-FVIII or thrombin-activated rH-
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FVIII, show a strong NF B (p65, RelA) immunofluorescence in the cytoplasm and localized to 

the nuclei in some cells [Figure 5.8]. In this experiment, the anti-NF B antibody detects both 

active (localized in the nucleus) and inactive (localized in the cytoplasm) forms of NF B, 

whereas anti-I B  (which inactivates NF B in the cytoplasm but becomes phosphorylated for 

NF B to become active) is mostly localized in the cytoplasm. Immunostaining with anti-I B  

was uniform in all treatments. In a previous report detailing the interaction between fibrinogen 

(clotting factor I) and TLR4, when TLR4-expressing cells are stimulated with fibrinogen, 

maximal nuclear localization of NF B measured at 4 h post-stimulation (207), so perhaps in our 

experiments, a time course would be necessary to confirm FVIII-mediated activation and nuclear 

translocation of NF B in the majority of cells.    

 

Canine (C-FVIII)-induced sialidase activity in DC2.4 dendritic cells, HEK-TLR2 cells is 

inhibited by Tamiflu, K252a and suramin. 

We have previously shown that when TLR-specific ligand-induced sialidase activity in TLR-

expressing cells is inhibited by neuraminidase inhibitor, Tamiflu (Amith et al, manuscript 

submitted). Likewise here, we show that canine FVIII-induced sialidase activity, as detected by 

the fluorescence of 4-MU substrate, is inhibited by Tamiflu. In the previous chapter, we proposed 

a model for sialidase-mediated TLR signaling which involved the multiplex regulation involving 

G-protein coupled receptors (GPCR) and matrix metalloproteinase. If GPCRs, or GPCR signaling 

pathways, are involved in the induction of sialidase activity, then using a broad range GPCR 

inhibitor like suramin should inhibit FVIII-induced sialidase activity. In fact, treating cells with 

either suramin and K252a, a potent inhibitor of protein tyrosine kinases, together with canine 
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FVIII significantly reduced the observed sialidase activity in DC2.4 dendritic cells [Figure 5.9A] 

and HEK-TLR2 cells [Figure 5.9B].  
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DISCUSSION 

 

Haemophilia A is caused by a variety of mutations in the factor VIII (FVIII) gene that 

necessitates replacement therapy with purified recombinant FVIII (211), however, the formation 

of neutralizing anti-FVIII antibodies (or FVIII inhibitors) in some patients seriously complicates 

treatment (212). The immune reaction mounted in response to FVIII therapies is either 

alloimmune (in response to infusion treatment with FVIII) or autoimmune, and is CD4+ T cell-

dependent or mediated by B cells. Helper T cells recognize multiple epitopes of the FVIII 

molecule, whereas B cell responses are restricted to two major epitopes in the A2 and C2 

domains and a few minor epitopes in the light chain activation peptide region and the A3 domain 

(213). While the nature of this immune response is well documented, exactly how FVIII is 

recognized and endocytosed by professional antigen presenting cells, like dendritic cells, is not 

yet known (214).  

 

In this chapter, we present the first preliminary evidence of a potential interaction between FVIII 

and toll-like receptor (TLR)-2. Toll-like receptors are a family of pattern recognition receptors 

that bind pathogen-associated molecular molecules from bacteria, viruses, fungi and parasites, to 

kick start the innate immune response and mount a rapid counter attack against microbial 

invasion (5). TLRs also link the innate and adaptive immune systems. TLR-mediated signaling 

initially results in the production of inflammatory cytokines and chemokines, in addition to the 

up-regulation of T cell co-stimulatory molecules like CD80 and CD86 on the cell surface (215). 

TLR2, signaling as a heterodimer with either TLR1 or TLR6, is classically regarded as the pattern 

recognition receptor for bacterial lipopeptides, including the mycobacterial lipoarabinomannan, 
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meningococcal and mycoplasma lipoproteins, and the bacterial cell wall component, 

peptidoglycan (215). TLR2 has also been implicated in the pathogenesis of several non-infective 

diseases including: autoimmune disease, type I diabetes, allergic disorders, cancer, cardiovascular 

and respiratory disease, gastrointestinal and renal disease, and neurodegenerative disorders (5).  

 

In a recent study, we showed that TLR activation upon binding its specific ligand was mediated 

by the rapid induction of a Neu1 sialidase enzyme, which specifically targets and hydrolyses -

2,3-linked sialic acids on the receptor, thus potentially priming the receptor for dimerization and 

initiating the signaling network downstream of the receptor (Amith et al, manuscript submitted). 

We previously demonstrated a similar sialidase-regulated activation of TrkA and TrkB tyrosine 

kinase receptors in PC-12 neuronal cells and primary neurons (41, 43). This Neu1sialidase 

activity is initiated and only detectable in the presence of receptor-specific ligand, so using a cell-

based assay system that employs the fluorogenic activity of the sialidase-specific substrate (4-

MUNANA; 2’-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid) to detect sialidase activity 

that is induced when ligand binds receptor in live cells, we were able to demonstrate a potential 

interaction between FVIII and TLR2 in TLR2-expressing cells and human platelets that was not 

observed with cells expressing TLR3 or TLR4. This FVIII-induced sialidase activity was 

inhibited by sialidase-specific inhibitor, Tamiflu (oseltamivir phosphate), K252a (protein kinase 

inhibitor), broad range G-protein coupled receptor (GPCR) inhibitor, suramin, and broad range 

matrix metalloproteinase (MMP) inhibitor, galardin (GM6001). In the previous chapter, we 

showed preliminary evidence for a role for G-protein coupled receptors, likely mediated via the 

activation of heterotrimeric G  proteins, and matrix metalloproteinase enzymes in this initial 
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TLR ligand-induced activation of Neu1 sialidase. It appears here too, FVIII-mediated sialidase 

activity is potentially regulated by GPCR and MMP.  

 

As stated previously, FVIII in normal circulation is either found in complex with VWF, or in its 

activated form (FVIIIa). Interestingly, in our studies, no sialidase activity was detected in TLR2-

expressing cells treated with either thrombin-activated FVIII, purified VWF alone or plasma-

derived VWF-FVIII complex. We also showed intriguing evidence that if FVIII is allowed to 

bind to anti-FVIII antibodies (which effectively neutralizes FVIII) prior to stimulation, no 

sialidase activity was observed. This was also the result when TLR2-expressing cells were first 

treated with anti-TLR2 antibodies. In human platelets, which express both TLR2 and TLR4 

(210), we showed that induction of sialidase activity was only detected when cells were 

stimulated with FVIII, but not purified VWF, or plasma-derived VWF-FVIII. In addition, there 

was also a detectable increase in the cytoplasmic and nuclear localization of transcription factor 

NF B in HEK-TLR2 cells treated with FVIII, but not thrombin-activated FVIII or VWF-FVIII, 

suggesting that FVIII could possibly mediate a TLR2-dependent effector response, although this 

was not demonstrated here.  

 

Several approaches are required to conclusively demonstrate an association between FVIII and 

TLR2. To further elucidate the binding of FVIII to TLR2, it is necessary to show colocalization 

between the two molecules, either through immunofluorescence or co-immunoprecipitation of 

ligand-receptor complexes. It would be interesting also to consider how different structural 

variants of the protein interact with TLR2. Cerullo et al (216) were able to show that 

bioengineering of FVIII to produce several variants: wildtype FVIII; B-domain-deleted FVIII; 
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FVIII with a specific point mutation alone, or in combination with partial B-domain deletion, 

which resulted in improved FVIII secretion; and, inactivation-resistant FVIII. These variants were 

delivered to haemophiliac mice via gene therapy with helper-dependent adenoviral vectors, where 

they found that both variants with the partial B-domain deletion showed long-term FVIII activity 

(up to approximately 100%, compared to 20-50% in the wildtype variant), with low anti-FVIII 

titre, indicating that this variant was potentially an effective means of reducing the 

immunogenicity of FVIII.  

 

Certainly, the half-life of FVIII in the plasma is prolonged by its association with VWF, but 

whether or not this VWF-FVIII interaction has other roles, like restricting the location of 

procoagulant activity, is not known (217). In our studies, we have shown that plasma-derived 

complexes of VWF-FVIII do not interact with TLR2, similar to thrombin-activated FVIII (or 

FVIII). In fact, in normal circulation FVIII is not generally found as a molecule by itself; it is 

found in complex with VWF. In von Willebrand disease, the lifetime of FVIII in circulation is 

dramatically reduced absence of VWF (202). It would be feasible to propose then, that the 

complex of FVIII with VWF prevents a potentially immunogenic association of FVIII with 

TLR2-expressing cells in normal circulation. In considering the structure of the VWF-FVIII 

complex, perhaps the region of FVIII that associates with VWF may contain the critical 

recognition sequence that interacts with TLR2. 

 

In conclusion, while much is known about the T and B cell-mediated immune responses in some 

haemophiliac patients treated with various FVIII therapies, including recombinant human FVIII, 

the exact mechanism of initiation of this immune response, likely via MHC class II-dependent 
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antigen presentation, remains elusive. We show here, preliminary evidence for the association of 

FVIII with TLR2, which is highly expressed on antigen presenting cells (215), including dendritic 

cells and macrophages, and on human platelets (210). Our data, once substantiated with further 

experimentation, may provide the missing link in FVIII-mediated immunogenicity, and will 

define a new, albeit provocative role for TLR2. 
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Figure 5.1. Canine (C-FVIII) and human (H-FVIII) factor VIII induces sialidase activity in 

BMC-2 macrophages. Transformed bone marrow-derived macrophages (BMC-2 cell line) were 

allowed to adhere on 12mm circular glass slides in medium containing 5% horse and 3% fetal 

calf sera for 24h at 37 C. After removing media, 0.2 mM 4-MU in Tris buffered saline (pH 7.4) 

was added to cells alone (Control), with 1.7 mg/ml killed Mycobacterium butyricum, 6.7 µg/ml 

Poly I:C, 1 ug/ml LPS, 58.7 units/ml C-FVII or 33.3 units/ml H-FVIII. The substrate is 

hydrolysed by sialidase to give free 4-methylumbelliferone which has a fluorescence emission at 

450nm (blue color) following excitation at 365nm. Fluorescent images were taken at 1 min after 

adding substrate using epi-fluorescent microscopy (40x objective). The mean fluorescence for 

each of the images was measured using MetaMorph 7 Software. The data are a representation of 

one out of three independent experiments showing similar results. 
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Figure 5.2. Thrombin-activated canine (C-FVIII) and human (H-FVIII) factor VIII does 

not induce sialidase activity in BMC-2 macrophages. BMC-2 cells were allowed to adhere on 

12mm circular glass slides in medium containing 5% horse and 3% fetal calf sera for 24h at 

37 C. After removing media, 0.2 mM 4-MU in Tris buffered saline (pH 7.4) was added to cells 

alone (Control), with 58.7 units/ml canine Factor-VIII, 33.3 units/ml human Factor-VIII, or 25 

U/ml thrombin; or to cells treated with canine or human Factor-VIII pre-incubated with thrombin 

for 30 mins at 37 C. The substrate is hydrolysed by sialidase to give free 4-methylumbelliferone 

which has a fluorescence emission at 450nm (blue color) following excitation at 365nm. 

Fluorescent images were taken at 1 min after adding substrate using epi-fluorescent microscopy 

(40x objective). The mean fluorescence for each of the images was measured using MetaMorph 7 

Software. The data are a representation of one out of three independent experiments showing 

similar results. 
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Figure 5.3. Sialidase activity induced by human (H-FVIII) factor VIII is only observed in 

HEK-TLR2 cells. HEK-TLR4/MD2, HEK-TLR3 and HEK-TLR2 cells were allowed to adhere 

on 12mm circular glass slides in media containing 5% horse and 3% fetal calf sera with 

0.04µg/ml G418 for 24h at 37 C. HEK293 cells were cultured in similar conditions without the 

addition of G418. After removing media, 0.2 mM 4-MU in Tris buffered saline (pH 7.4) was 

added to cells alone (Control-not shown) or with the following ligands: 1 µg/ml LPS (for HEK-

TLR4/MD2 cells), 6.7 µg/ml poly I:C (for HEK-TLR3 cells), 66.7 µg/ml zymosan (for HEK-

TLR2 cells), 66.7 µg/ml EGF (for HEK293 cells) or 33.3 units/ml human factor-VIII (for all 

cells). The substrate is hydrolysed by sialidase to give free 4-methylumbelliferone which has a 

fluorescence emission at 450nm (blue color) following excitation at 365nm. Fluorescent images 

were taken at 1 min after adding substrate using epi-fluorescent microscopy (40x objective). The 

mean fluorescence for each of the images was measured using MetaMorph 7 Software. The data 

are a representation of one out of three independent experiments showing similar results. 
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Figure 5.4. (A) Recombinant human (rH-FVIII) factor VIII induces sialidase activity at 

physiological concentrations in HEK-TLR2 cells. HEK-TLR2 cells were allowed to adhere on 

12mm circular glass slides in media containing 5% horse and 3% fetal calf sera with 0.04 µg/ml 

G418 for 24h at 37 C. After removing media, 0.2 mM 4-MU in Tris buffered saline (pH 7.4) was 

added to cells alone (Control) or with 66.7 µg/ml zymosan, or recombinant human FVIII at the 

indicated concentrations. rH-FVIII-induced sialidase activity is still observed at physiological 

concentrations (0.2 µg/ml). The substrate is hydrolysed by sialidase to give free 4-

methylumbelliferone which has a fluorescence emission at 450nm (blue color) following 

excitation at 365nm. (B) When cells are first pre-treated with anti-TLR2 antibody for 5 mins, no 

sialidase activity is observed upon addition of rH-FVIII. (C) Similarly, when rH-FVIII is pre-

incubated with anti-factor VIII antibody and then added to cells, no sialidase activity is seen. 

Fluorescent images were taken at 1 min after adding substrate using epi-fluorescent microscopy 

(40x objective). The mean fluorescence for each of the images was measured using MetaMorph 7 

Software. The data are a representation of one out of three independent experiments showing 

similar results. 
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Figure 5.5. Von Willebrand Factor-human factor VIII (H-VWF/FVIII) complex does not 

induce sialidase activity in HEK-TLR2 cells. HEK-TLR2 cells were allowed to adhere on 

12mm circular glass slides in media containing 5% horse and 3% fetal calf sera with 0.04 µg/ml 

G418 for 24h at 37 C. After removing media, 0.2 mM 4-MU in Tris buffered saline (pH 7.4) was 

added to cells alone (Control) or with 66.7 µg/ml zymosan, 1.7 mg/ml M. butyricum, human Von 

Willebrand Factor-FVIII complex (H-VWF/FVIII) or 0.33 µg/ml recombinant human FVIII (rH-

FVIII). The substrate is hydrolysed by sialidase to give free 4-methylumbelliferone which has a 

fluorescence emission at 450nm (blue color) following excitation at 365nm. rH-FVIII-induced 

sialidase activity is not observed when cells are treated with H-VWF/FVIII complex. However, if 

rH-FVIII is added to cells treated with H-VWF/FVIII, sialidase activity can be detected. Purified 

VWF added to cells alone does not induce sialidase activity. Fluorescent images were taken at 1 

min after adding substrate using epi-fluorescent microscopy (40x objective). The mean 

fluorescence for each of the images was measured using MetaMorph 7 Software. The data are a 

representation of one out of three independent experiments showing similar results. 
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Figure 5.6. Recombinant human FVIII (rH-FVIII)-induced sialidase activity is only seen in 

HEK-TLR2 cells. HEK-TLR2, HEK-TLR3 and HEK-TLR4/MD2 cells were allowed to adhere 

on 12mm circular glass slides in media containing 5% horse and 3% fetal calf sera with 0.04 

µg/ml G418 for 24h at 37 C. After removing media, 0.2 mM 4-MU in Tris buffered saline (pH 

7.4) was added to cells alone (Control) or human Von Willebrand Factor-FVIII complex (H-

VWF/FVIII) or 0.33 µg/ml recombinant human FVIII (rH-FVIII). The substrate is hydrolysed by 

sialidase to give free 4-methylumbelliferone which has a fluorescence emission at 450nm (blue 

color) following excitation at 365nm. rH-FVIII-induced sialidase activity is only seen in TLR2-

expressing cells. Fluorescent images were taken at 1 min after adding substrate using epi-

fluorescent microscopy (40x objective). The mean fluorescence for each of the images was 

measured using MetaMorph 7 Software. The data are a representation of one out of three 

independent experiments showing similar results. 
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Figure 5.7A. TLR2 and TLR4, but not TLR3, ligands induce sialidase activity in human 

platelets. Human platelets were allowed to adhere on 12mm circular glass coverslips (pre-coated 

with poly-d-lysine) for 3h at room temperature. After removing media, 0.2 mM 4-MU in Tris 

buffered saline (pH 7.4) was added to cells alone (Control), with 58.7 units/ml canine Factor-

VIII, 33.3 units/ml human Factor-VIII, or 25 U/ml thrombin; or to cells treated with canine or 

human Factor-VIII pre-incubated with thrombin for 30 mins at 37 C. The substrate is hydrolysed 

by sialidase to give free 4-methylumbelliferone which has a fluorescence emission at 450nm 

(blue color) following excitation at 365nm. Fluorescent images were taken at 1 min after adding 

substrate using epi-fluorescent microscopy (40x objective). The mean fluorescence for each of 

the images was measured using MetaMorph 7 Software. The data are a representation of one out 

of three independent experiments showing similar results. 
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Figure 5.7B. Thrombin-activated canine (C-FVIII) and human (H-FVIII) factor VIII does 

not induce sialidase activity in human platelets. Human platelets were allowed to adhere on 

12mm circular glass coverslips (pre-coated with poly-d-lysine) for 3h at room temperature. After 

removing media, 0.2 mM 4-MU in Tris buffered saline (pH 7.4) was added to cells alone 

(Control), with 1.7 mg/ml killed Mycobacterium butyricum, 66.7 µg/ml zymosan, 6.7 µg/ml Poly 

I:C or 1 ug/ml LPS. The substrate is hydrolysed by sialidase to give free 4-methylumbelliferone 

which has a fluorescence emission at 450nm (blue color) following excitation at 365nm. Platelets 

express only TLR2 and TLR4, so only specific ligands for these TLRs show an induction of 

sialidase activity. Fluorescent images were taken at 1 min after adding substrate using epi-

fluorescent microscopy (40x objective). The mean fluorescence for each of the images was 

measured using MetaMorph 7 Software. The data are a representation of one out of three 

independent experiments showing similar results. 
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Figure 5.7C. Human factor VIII (H-FVIII), but not VWF-FVIII complex, induces sialidase 

activity in human platelets. Human platelets were allowed to adhere on 12mm circular glass 

coverslips (pre-coated with poly-d-lysine) for 3h at room temperature. After removing media, 0.2 

mM 4-MU in Tris buffered saline (pH 7.4) was added to cells alone (Control), with 1.7 mg/ml 

killed Mycobacterium butyricum, 66.7 µg/ml zymosan, 6.7 µg/ml Poly I:C or 1 ug/ml LPS. The 

substrate is hydrolysed by sialidase to give free 4-methylumbelliferone which has a fluorescence 

emission at 450nm (blue color) following excitation at 365nm. Platelets express only TLR2 and 

TLR4, so only specific ligands for these TLRs show an induction of sialidase activity. 

Fluorescent images were taken at 1 min after adding substrate using epi-fluorescent microscopy 

(40x objective). The mean fluorescence for each of the images was measured using MetaMorph 7 

Software. The data are a representation of one out of three independent experiments showing 

similar results. 
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Figure 5.8. Recombinant human FVIII-induced NFκB activation in HEK-TLR2 cells. HEK-

TLR2 cells were either pretreated with 50 units/ml thrombin prior to adding 1 µg/ml rH-FVIII, or 

treated with rH-FVIII or with H-VWF/FVIII complex for 45 min, or left untreated as controls. 

 Cells were fixed, permeabilized, and immunostained with rabbit anti-NFkBp65 or rabbit anti-

IkBα followed with Alexa Fluor 594 rabbit anti-goat IgG. Stained cells were visualized by epi-

fluorescence microscopy using a 40x objective. Control images had no primary antibody. Nuclear 

staining of NF B was only observed in a minority of rH-FVIII-treated cells immunostained with 

NFkBp65 antibody, however, intensity of cytoplasmic staining was increased compared to the 

control and other treatements. Quantitative analysis was done by assessing the density of cell 

staining corrected for background in each panel image using Corel Photo Paint 8.0 software. 

Comparisons of groups were made by one-way ANOVA at 95% confidence using Bonferroni’s 

Multiple Comparison Test compared to the LPS group.  
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Figure 5.9A. Canine (C-FVIII)-induced sialidase activity is inhibited by Tamiflu, K252a, 

and suramin in DC2.4 dendritic cells. Transformed dendritic cells (DC 2.4 cell line) were 

allowed to adhere on 12mm circular glass slides in medium containing 5% horse and 3% fetal 

calf sera for 24h at 37 C. After removing media, 0.2 mM 4-MU in Tris buffered saline (pH 7.4) 

was added to cells alone (Control), with 58.7 units/ml canine Factor-VIII, or in combination with 

canine Factor-VIII and 500 M Tamiflu (specific inhibitor of sialidases), 0.2 µM K252a (protein 

kinase inhibitor) or 200 µM suramin (broad range inhibitor of G-protein coupled receptors). The 

substrate is hydrolysed by sialidase to give free 4-methylumbelliferone which has a fluorescence 

emission at 450nm (blue color) following excitation at 365nm. Fluorescent images were taken at 

1 min after adding substrate using epi-fluorescent microscopy (40x objective). The mean 

fluorescence for each of the images was measured using MetaMorph 7 Software. The data are a 

representation of one out of three independent experiments showing similar results. 
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Figure 5.9B. Canine (C-FVIII)-induced sialidase activity is inhibited by Tamiflu, K252a, 

and suramin in HEK-TLR2 cells. HEK-TLR2 cells were allowed to adhere on 12mm circular 

glass slides in media containing 5% horse and 3% fetal calf sera with 0.04 µg/ml G418 for 24h at 

37 C. After removing media, 0.2 mM 4-MU in Tris buffered saline (pH 7.4) was added to cells 

alone (Control), with 58.7 units/ml canine Factor-VIII, or in combination with canine Factor-VIII 

and 500 M Tamiflu (specific inhibitor of sialidases), 0.2 µM K252a (protein kinase inhibitor) or 

200 µM suramin (broad range inhibitor of G-protein coupled receptors). The substrate is 

hydrolysed by sialidase to give free 4-methylumbelliferone which has a fluorescence emission at 

450nm (blue color) following excitation at 365nm. Fluorescent images were taken at 1 min after 

adding substrate using epi-fluorescent microscopy (40x objective). The mean fluorescence for 

each of the images was measured using MetaMorph 7 Software. The data are a representation of 

one out of three independent experiments showing similar results. 
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CHAPTER 6 

 

SYNOPSIS AND PERSPECTIVES 

 

 

THE ROLE OF NEU1 SIALIDASE IN TOLL-LIKE RECEPTOR ACTIVATION 

Several features of the vertebrate immune system are controlled by endogenous cellular 

glycosylation, so much so that the glycan profiles of immune cells are significantly altered during 

cell differentiation, activation and apoptosis, although the exact mechanisms which govern the 

role of glycosylation in immunity are not yet established (218). Glycosylation is a post-

translational modification process, and the synthesis of the glycan chains on glycoconjugates 

occurs in the compartments of the endoplasmic recticulum and Golgi apparatus. Of all the 

possible sugar moieties that make up glycan chains, sialic acids are considered especially 

important due to their terminal location on glycoconjugates; particularly, sialylation on 

glycoproteins is critical in regulating the solubility, stability, bioactivity and immunogenicity of 

these molecules (219, 220). This sialylation of cellular glycoproteins is metabolically regulated 

by the activity of sialidases either in the lysosome (Neu1), cytosol (Neu2), on the plasma 

membrane (Neu3), in lysosomal compartments or in the mitochondrial membrane (Neu4) (29).  

 

While it is known that receptor glycosylation is critical in receptor-ligand interactions in immune 

cells (15), the role of glycosylation in receptor activation upon ligand binding has not been 

elucidated. In neuronal cells, we have shown that when neurotrophic factors bind their respective 

Trk tyrosine kinase receptors, the resultant receptor phosphorylation, dimerization and 

internalization into endosomal vesicles is dependent upon the induction and activity of an 
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endogenous sialidase enzyme. In fact, blocking sialidase activity with specific chemical inhibitors 

like Tamiflu detrimentally impacted neurotrophic factor-mediated cell differentiation and survival 

(41, 43). This thesis details the first evidence for a role for endogenous sialidase in the regulation 

of toll-like receptor (TLR) activation upon ligand binding (illustrated in Figure 6.1). Here, we 

have identified the specific sialidase enzyme involved as Neu1, which is generally categorized as 

the lysosomal sialidase (189) or as a cell surface component of the elastin receptor complex 

(221). In addition, we report an association between Neu1 and TLR2, TLR3 and TLR4 on the 

plasma membrane that has not previously been described [Figure 3.8].  

 

Based on the cumulative results presented here, we propose that when ligand binds to TLR, a 

closely associated Neu1 sialidase is activated, which targets and hydrolyses -2,3-sialyl sugar 

residues on the receptor, allowing for receptor dimerization and subsequent activation. Blocking 

the cleavage of these receptor sialic acids with Maackia amurensis lectin (MAL-2), which 

specifically binds -2,3-linked sialic acids, does not block the induction of sialidase enzymes but 

it does prevent the hydrolysis of these sugars by sialidase. Alternately, blocking TLR-ligand 

induced Neu1 activity with Tamiflu, inhibits TLR-mediated recruitment of MyD88, which is 

indicative of TLR dimerization, and the downstream signaling that results in the activation and 

translocation of transcription factor NF B to the nucleus, which ultimately leads to the 

diminished production of pro-inflammatory cytokines. It is postulated, therefore, that receptor 

glycosylation, particularly its -2,3-linked terminal sialylation, at a location separate from the 

ligand binding site, is what keeps receptors spatially apart on the cell membrane thus preventing 

autodimerization and constitutive activation. Based on this apparently regulatory role of Neu1 

sialidase in TLR activation, we hypothesize a novel, critical function for Neu1 sialidase as a 
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master enzyme which essentially functions as a molecular switch that turns these receptors “on” 

when they bind their natural ligands.  

 

 

THE MULTIPLEX REGULATION OF NEU1 SIALIDASE INDUCTION IN TOLL-LIKE RECEPTOR 

ACTIVATION 

In considering the above hypothesis, one important question needed to be answered: how exactly 

is Neu1 activated when ligand binds to TLR? Our preliminary sialidase screening assays 

employing various inhibitors of intracellular signaling and enzymatic activity produced some 

interesting results: TLR-ligand induced sialidase activity was specifically inhibited by pertussis 

toxin (an inhibitor of G  protein-mediated G-protein coupled receptor (GPCR) responses) and 

galardin (a broad range inhibitor of matrix metalloproteinases (MMPs)). A concurrent inhibition 

of TLR-ligand induced NF B activation in cells treated with these inhibitors in combination with 

TLR ligand was also observed. NF B activation was, however, seen when TLR-expressing cells 

were treated with GPCR ligand, bombesin, in the absence of TLR ligands. Interestingly, we also 

detected sialidase activity in TLR-expressing cells treated with exogenous elastase enzyme, 

similar to that observed in stimulation with TLR-specific ligands, but how does this observation 

fit into our hypothesis?  

 

Insight into this question came from the recent discovery that Neu1 was a key component, along 

with protective protein cathepsin A (PPCA) and elastin binding protein (EBP), of the cell surface 

elastin receptor complex which binds elastin peptides and is involved in elastic fibre assembly 

(221). Indeed, Neu1 sialidase is rather unusual amongst the members of the sialidase superfamily, 

in that it requires another protein, PPCA, in order to become catalytically active (189). We 
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predicted, therefore, that treatment of cells with exogenous elastase in the absence of TLR 

ligands, is sufficient to cleave EBP from its complex with Neu1/Cathepsin A. Once EBP is 

removed, Neu1 becomes catalytically active and will target sialyl residues in the vicinity, 

including the fluorogenic substrate, 4-MU, thus accounting for the observed fluorescence. This 

observation suggests that here, an MMP with substrate specificity for elastin, potentially regulates 

the activation of sialidase when ligand binds TLR; but how is this MMP likewise activated?  

 

The role of MMPs in the immune response is myriad: from facilitating the initial recruitment of 

leucocytes to the site of infection, to degrading components of the extracellular matrix allowing 

for the resolution of inflammation and wound healing, to modulating cytokine and chemokine 

activity (181). TLR-mediated effects on MMP expression is particularly well-documented (183-

188), and there are several lines of evidence suggesting that MMP-1, MMP-3, MMP-9 and MMP-

13 are up-regulated in TLR-mediated signaling; however, we focused on a more upstream 

function for MMP, either at the cell surface or in the cytosol, in close proximity to the membrane. 

Certainly, a link between intracellular MMP activity and GPCR-mediated signaling has long been 

reported, particularly in proposing a mechanism for the transactivation of epidermal growth factor 

receptor (EGFR) by GPCR agonists, where it is suggested that GPCR activation results in a 

simultaneous activation of EGFR via the MMP-mediated release of EGFR ligands (178).  

 

The role of heterotrimeric G  proteins in ligand-mediated TLR function is well-established; 

CD14 (an integral component of the LPS receptor complex, along with TLR4 and MD2) was 

found associated with Gi (inhibitory class) and Go (olfactory class) subunits of G  proteins. It was 

further demonstrated that heterotrimeric G proteins play a regulatory role in CD14-mediated LPS-
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induced mitogen-activated protein kinase (MAPK) activation and cytokine production in normal 

human monocytes (174). When THP-1 monocytes were pretreated with pertussis toxin (PTx), 

which specifically inhibits G i receptor coupling, there was a significant decrease in LPS-induced 

activation of c-Jun-N-terminal kinase (JNK) and p38 kinase, and the production of tumor necrosis 

factor-alpha (TNF- ) (175). It is reported that G i protein differentially regulates LPS-mediated 

signaling through TLR4, and Gram-positive Staphylococcus aureus-mediated signaling through 

TLR2. In knockout mouse models, G i2 –/– and G i1/3 –/–, there was significantly decreased TLR 

ligand-mediated TNF-  and IL-10 production in peritoneal macrophages in knockout mice 

compared to wildtype mice (176). In the murine RAW 264.7 macrophage cell line and primary 

murine macrophages, G protein dysregulation by wasp venom-derived peptide mastoparan also 

caused a significant inhibition in LPS-induced TLR4-mediated gene expression (177).  

 

Based on these reports and the data presented in this thesis, we infer a similar dependence of TLR 

activation on G  protein-mediated signaling. In our experimental model of TLR4 activation 

[Figure 4.10], we propose that when LPS binds to the TLR4/MD2/CD14 receptor complex, there 

is a conformational change in the receptor that activates a nearby GPCR, either independently or 

via a heterotrimeric G  protein that is associated with CD14 on the cell surface. This GPCR-

mediated activation results in the subsequent activation of an MMP (most likely MMP-9 which 

has substrate specificity for elastin (182)), which will cleave the elastin binding protein from the 

elastin receptor complex of Neu1/Cathepsin A/EBP on the plasma membrane. It is likely that this 

removal of EBP catalytically activates Neu1 and allows for desialylation of the TLR, thus 

priming the receptor for dimerization and subsequent activation. Our data provides preliminary 

evidence for this model, however, several questions need to be addressed in order to provide 
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conclusive evidence to support this hypothesis, particularly with regard to the role for G  protein-

mediated GPCR activation, although since there are so many GPCRs ubiquitously expressed on 

cells, this will be a difficult undertaking. Regarding the MMP involvement in our model, a 

conclusive role for MMP-9 will need to established, as well as its cellular localization.  

 

THE NEU1-TOLL-LIKE RECEPTOR COMPLEX 

In proposing a mechanism for the rapid TLR ligand-induced activation of Neu1 sialidase, the 

detection of which occurs in seconds, we hypothesize that lysosomal Neu1 sialidase forms a  

post-translational complex with TLR, possibly to modify receptor glycosylation necessary for 

TLR dimerization, subsequent activation and cellular function [Figure 6.2]. Our findings 

demonstrate that Neu1 sialidase colocalizes and co-immunoprecipitates with TLR2, TLR3 and 

TLR4 in both ligand-stimulated and unstimulated cells, thereby suggesting a tight association of 

Neu1 with TLR on the cell surface. It has been reported that in mice, sialidase deficiency impairs 

the activation of macrophages and T lymphocytes. In fact, in a NEU1 deficiency mouse model, no 

cell surface expression of sialidase was observed in T cells, indicating that the lysosomal and the 

membrane-associated forms of Neu1 are the product of the same gene (222). Certainly, further 

elucidation of the kinetics of this interaction would lend mechanistic insight to the regulation of 

TLR activation. This novel interaction and association of Neu1 and TLR4 on the cell surface can 

be exquisitely detected and quantified using bioluminescent resonance energy transfer (BRET) 

analysis, a technique generally used to measure protein-protein interaction in cells (223). In order 

to measure this interaction, cells transiently expressing specific constructs of either Neu1 with 

YFP (yellow fluorescent protein), or TLR4 with a bioluminescent luciferase tag, or both 

molecules together, are generated. Upon addition of the luciferase substrate to these cells, the 
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ratio of YFP fluorescence (emission 530 nm) and luciferase bioluminescence (emission 485 nm) 

is assessed by BRET analysis; the higher the ratio, the greater the potential cell surface interaction 

of Neu1/TLR4 in live cells. These experiments, conducted in collaboration with Volkan 

Seyrantepe, Alexey Pshezhetsky and Nicholas Heveker (University of Montreal and St. Justine 

Hospital, Montreal, Canada) are ongoing. It would be interesting also, to investigate the possible 

variations in TLR expression in Neu1 deficient cell types. Furthermore, if Neu1/cathepsinA forms 

a complex with TLR through a default lysosomal sorting prior to localization to the membrane, 

then it may be possible to demonstrate an accumulation of Neu1/PPCA/TLR4 complexes in the 

lysosome after inhibition with specific lysosomal inhibitors.  

 

Additionally, the cell surface expression of Neu1 sialidase explains why no sialidase activity, as 

evidenced by the fluorescence of the cleaved by-product of 4-MU in the presence of TLR ligand, 

is observed when TLR-expressing cells are pre-treated with neutralizing anti-Neu1 antibodies 

prior to stimulating with ligand. When antibodies against Neu2, Neu3 or Neu4 are utilized in a 

similar manner, no inhibition of TLR ligand-induced sialidase activity is seen, suggesting that it is 

specifically Neu1 sialidase that is induced [Chapter 3-Supplemental Figure 3.4]. This is further 

supported by the observation that the expression of Neu2, Neu3 and Neu4 are either down-

regulated or remain unaltered during the differentiation of monocytes and the monocytic cell line 

(THP-1) into macrophages, while the majority of Neu1 relocalizes from the lysosomes to the cell 

surface (30).   
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PERSPECTIVES AND CONCLUSIONS 

The fundamental importance of functional Neu1 sialidase in humans is abundantly apparent when 

considering the disease pathology of sialidosis, an autosomal recessive disorder resulting from 

mutations in the NEU1 gene. Sialidosis is characterized by the progressive accumulation of 

sialylated glycopeptides and oligosaccharides in the lysosome; it presents clinically as either 

early-onset severe neurological disease, usually associated with developmental defects and 

hepatosplenomegaly (type II sialidosis), or the relatively milder late-onset pathology typified by 

visual defects, ataxia, cherry-red spot myoclonus syndrome, and seizures (type I sialidosis) (33).  

 

It is also well-documented that lysosomal sialidase plays a role in immune signaling; certainly, 

Neu1 is overexpressed during the activation of T cells, B cells, neutrophils and macrophages. 

Neu1 is also significantly up-regulated and targeted to the plasma membrane during the 

differentiation of monocytes into macrophages (30, 224). Hence, it has been suggested that the 

increased incidence of infections in sialidosis patients is due to the diminished capacity of 

immune cells to produce cytokines and antibodies (33), an observation that is supported by our 

data in a mouse model of sialidosis. We have presented evidence that in Neu1-deficient mice, but 

not wildtype or cathepsinA-deficient mice, that there is a reduced capacity to produce an array of 

pro-inflammatory cytokines and chemokines in vivo, 5 h post stimulation with LPS [Figure 3.9]. 

These results are corroborated by a decreased production of nitric oxide in response to stimulation 

with LPS in bone-marrow derived macrophages from the Neu1 deficient mice, compared to 

wildtype and cathepsinA-deficient mice [Figure 3.9E]. In vitro, inhibiting the activity of Neu1 in 

TLR-expressing cells with Tamiflu produces similar results [Figure 3.9 C, D]. Our discovery that 
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Neu1 is found in association with TLR on the cell membrane lends credence to the idea that Neu1 

deficiency could result in impaired immune cell function, particularly as mediated by TLRs. 

 

TLR research has been a hot topic in immunology since its discovery, and at present much is 

known about the specificity of TLR pathogen molecule recognition and TLR signaling has been 

elucidated in great detail (see Oda and Kitano’s (225) map of the TLR signaling network). 

Atkinson’s (5) recent review even ponders the plausible, albeit controversial, idea that the 

multiple functionality and diversity of TLRs and TLR-mediated signaling may be an 

immunologic paradigm capable of explaining all human disease. Certainly, disease models have 

helped to further our options in the development of drug therapies specifically targeted towards 

TLR signaling components to potentially modulate the outcome of infectious and inflammatory 

disease (226). The structural characterization of TLRs revealed, for TLR3 at least, that post-

translational N-glycosylations contribute significantly to the overall mass (about 35%) of the 

ectodomain (16), and since sialic acids are critical terminal components of TLR, it is feasible to 

infer a role for sialidase enzymes in the regulation of TLR activity, and there is the potential to 

modulate TLR function by targeting or manipulating -2,3-sialic acids or Neu1 sialidase. The 

potential role of a G  protein-mediated involvement of G protein coupled receptors and matrix 

metalloproteinase-9 in the regulation of TLR-ligand induced sialidase activation, also provides 

additional targets for drug therapies. 

 

In conclusion, the structural integrity of TLRs, their ligand interactions and activation are 

essential for immunological protection. Understanding the molecular mechanism of Neu1 

sialidase regulation of TLR activation will provide important opportunities for disease control 
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through TLR manipulation. The future directions of this research will also open a new area of 

glycobiology research (the glycomics of innate immune responses) and will widen the scope for 

the development of novel therapeutic drugs to combat infections and inflammatory diseases. 

 

  



 

244 

 

 

 

 

 

 

 

 

 FIGURES 

 

 

 

 

  



 

245 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Proposed model for TLR4 dimerization and activation. It is well documented that 

in vivo, lipopolysaccharide (LPS) released from Gram-negative bacterial cell walls is sequestered 

by LPS-binding protein which transfers LPS to CD14. The LPS-CD14 complex binds to the 

complex of TLR4/MD2 (completing the LPS receptor complex) (227). We propose that when 

LPS binds to TLR4 (after forming a complex with CD14), Neu1 sialidase is induced which 

specifically targets and hydrolyzes -2,3-sialic acids on TLR4, thus priming the receptor for 

dimerization with another TLR4. The juxtaposition of the two toll-interleukin 1 receptor (TIR) 

homology domains of the TLR4 homodimer initiates the recruitment of adaptor protein MyD88 

on which further signaling is dependent (9). We have demonstrated that blocking the LPS-

induced Neu1 activation with Tamiflu (a sialidase-specific inhibitor), inhibits MyD88 interaction, 

and downstream NF B activation, and the production of nitric oxide and pro-inflammatory 

cytokines.  
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Figure 6.2. Proposed model for the default lysosome sorting and trafficking of TLR4 to the 

plasma membrane. Preliminary data indicate that Neu1 co-immunoprecipitates with TLR4 in 

both unstimulated and LPS-treated HEK-TLR4/MD2 cells. It is proposed that glycosylated TLR4 

has a default lysosome sorting to form a complex with Neu1/cathepsin A/EBP in order for the 

final trafficking to the plasma membrane. It has been shown  that during the differentiation of 

monocytes and the monocytic cell line THP-1 into  macrophages, the majority of Neu1 

relocalizes from the lysosomes to the cell surface while the other cellular sialidases Neu2, Neu3 

and Neu4, whose expression either remains unchanged or is downregulated (30). Also, the 

lysosomal carboxypeptidase, protective protein cathepsin A, which forms a complex with and 

activates Neu1 in the lysosome, is sorted to the plasma membrane of the differentiating cells 

similarly to Neu1 (228). Elastin-binding protein (EBP) forms a cell surface-targeted molecular 

complex with protective protein cathepsin A and Neu1 sialidase, and provides evidence that this 

sialidase activity is a prerequisite for the subsequent release of tropoelastin. It is noteworthy that 

elastin is a substrate for many MMP effector molecules. Recently, the elastin receptor complex 

was shown to transduce signals through the catalytic activity of its Neu-1 subunit, but how this is 

achieved is not known (165).  
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Appendix Figure 1. Standard curve of Clostridium perfringens sialidase activity (A), and 

LPS-induced sialidase activity in BMC-2 cells (B). The mean fluorescence activity of 

hydrolysed 4-MU in the presence of exogenous C. perfringens sialidase was quantified and 

plotted to give an optimal dose (0.318 mM) using the Thermo Scientific Varioskan spectral 

scanning fluorometric reader. The mean fluorescence of hydrolysed 0.318 mM 4-MU in the 

presence of live cells alone or cells treated with 1 g/ml  LPS was likewise measured to quantify 

LPS-induced sialidase activity using various cell counts as indicated. The data show that 

increased LPS-induced sialidase activity is observed with increasing cell number. The data shown 

here are a representation of three experiments showing similar results. 
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Appendix Figure 2. Standardization of -2,3-specific Streptococcus pneumoniae sialidase 

activity upon exposure to 4-MUNANA. 0.2 mM 4-MU in Tris buffered saline (pH 7.4) was 

added to exogenous -2,3-specific S. pneumonia sialidase at the indicated concentrations. The 

substrate is hydrolysed by sialidase to give free 4-methylumbelliferone which has a fluorescence 

emission at 450nm (blue color) following excitation at 365nm. Fluorescent images were taken at 

1 min after adding substrate using epi-fluorescent microscopy (40x objective). The mean 

fluorescence for each of the images was measured using MetaMorph 7 Software. The data are a 

representation of one out of three independent experiments showing similar results. The data 

indicate the sialidase concentration required to hydrolyse 4-MU and can be used to compare 

sialidase assay results from previous experiments in Chapters 2 to 5. 
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