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Heparan sulfate (HS), an unbranched sulfated carbohydrate chain, and the HS-degrading
enzyme heparanase play important roles in physiological and pathological processes during all
stages of life, from early embryogenesis to ageing. Accumulated information shows that HS
and heparanase are involved in inflammatory processes and associated diseases, e.g. rheumatoid
arthritis (RA) and Alzheimer’s disease.

In this thesis I have investigated the role of HS and heparanase (Hpa) in inflammatory-related
pathologies. In the first project, Hpa overexpressing mice (Hpa-tg) were induced with a murine
model of RA. We found a pro-inflammatory role of Hpa through enhancing the activity of T-
cells and innate immune cells, which contributed to an augmented severity of clinical symptoms
in the Hpa-tg mice.

In my second project, we revealed co-current interaction of heparin with both ApoA1 and
SAA of HDL isolated from plasma of inflamed mouse. Mass spectrometry analysis indicated
close proximity of ApoA1 and SAA on the HDL surface, providing a molecular and structural
mechanism for the simultaneous binding of heparin to apoA1 and SAA.

In my third project, we investigated the role of Hpa in AA amyloid formation and resolution
in mice in a model of AA-amyloidosis. We found a similar degree of amyloid formation in
Hpa-KO mice compared to the wildtype control mice, but the resolution process was faster in
Hpa-KO mice. The rapid clearance of deposited SAA in Hpa-KO mice was associated with
upregulated expression of matrix metalloproteases. The results suggest an associated function
of ECM proteases with heparanase in the process of AA amyloid resolution.

In my fourth project, we found that overexpression of heparanase impaired inflammation
associated beta amyloid (Aβ) clearance in the brain of an Alzheimer’s disease mouse model.
Examination of the cytokine profile of brain lysates revealed an overall lower inflammatory
reaction in the double transgenic (tgHpa*Swe) mice compared to single APP-tg (tg-Swe) mice
in response to LPS-induced inflammation.
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Aβ Amyloid-β 
AβPP Amyloid-β precursor protein 
ACPA Anti-citrullinated protein antibodies 
AD Alzheimer´s disease 
AFP Amyloid fibril protein 
ApoA1 
BACE1 
BBB 

Apolipoprotein A-1 
Beta-secretase 1 
Blood-brain barrier 

CAA 
CFA 
DAMP 
DMARD 

Cerebral amyloid angioapathy 
Complete Freund׳s adjuvant 
Damage-associated molecular pattern 
Disease-modifying antirheumatic drug 

ECM 
ELISA 
FGF 

Extracellular matrix 
Enzyme-linked immunosorbent assay 
Fibroblast growth factor 

GAG Glycosaminoglycan 
GlcA Glucuronic acid 
GlcN Glucosamine 
GlcNAc N-acetylglucosamine 
GlcNS N-sulfated glucosamine 
GlyCAM-1 
GPI 

Glycosylation-dependent cell adhesion molecule-1 
Glycophophatidyl inisitol 

HBD HS/heparin-binding domain (on heparanase) 
HDL High-density lipoprotein 
HDL-SAA High-density lipoprotein – Serum amyloid A 
HS Heparan sulfate 
HSPG Heparan sulfate proteoglycan 
IAPP Islet amyloid polypeptide 
ICAM-1 Intercellular adhesion molecule 1 
IdoA Iduronic acid 
IL Interleukin 
LFA Lymphocyte function-associated antigen 1 
LPS Lipopolysaccharide 
Mac-1 Macrophage-1 antigen 
MAPτ Microtubule associated protein Tau 
MIP2 Macrophage inflammatory protein 2 



 

MHC Major histocompatibility complex 
MMP Matrix metalloproteinase 
NDST N-deacetylase/N-sulfotransferase 
NFT 
NSAID 

Neurofibrillary tangles 
Non-steroidal anti-inflammatory drug 

PG 
PAMP 
PRR 

Proteoglycan 
Pathogen-associated molecular pattern 
Pattern recognition receptor 

RA 
RCT 
RF 

Rheumatoid arthritis 
Reverse cholesterol transport 
Rheumatoid factor 

SAA Serum amyloid A 
TNF Tumor necrosis factor 
VCAM-1 Vascular cell adhesion molecule 1 
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Introduction 

In 1979, a breakthrough study of the anticoagulant effect of heparin was 
published by Ulf Lindahl and his colleagues in Uppsala, where they had 
found that a specific sulfation pattern of the heparin glycosaminoglycan 
(GAG) chain was needed for it to bind to a specific site of antithrombin 
(AT), alter the conformation of AT and consequently stop the coagulation 
process by AT-induced inhibition of thrombin (Lindahl et al., 1979). The 
finding was of great importance as the heparin drugs could be optimized for 
the treatment of thrombosis. Since the 90s, there has been an explosion of 
new information regarding the GAGs and their tremendously broad function 
as proteoglycans (PGs), covering all stages of the life cycle, all cells of the 
metazoan organism, and most aspects of physiology. However, the research 
field of GAGs have continuously been complicated by the structural com-
plexity of these linear polysaccharides. 

In Uppsala, in the 00s, Jin-Ping Li, a previous postdoctoral researcher in 
Ulf Lindahl´s group, and her colleagues, developed mice with altered ex-
pression of an enzyme that had been found to degrade heparan sulfate (HS) 
chains, heparanase. These mice, either overexpressing or lacking heparanase, 
were shown to be great tools to reflect the role of both heparanase and its 
substrate HS in various facets of physiology and pathophysiology. Hepara-
nase, previously mostly known for its involvement in cancer, have recently 
been implicated in several other diseases, with accumulating evidence identi-
fying it as a regulator of one our most basic mechanisms of immune defence, 
inflammation. 
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1. Heparan sulfate proteoglycans (HSPGs) 

 
Figure 1. Heparan sulfate and heparin proteoglycans (HSPGs). HSPGs consist of 
core proteins linked through a linker tetrasaccharide to one or more HS/heparin 
chains as well as other types of GAGs, including chondroitin sulfate (CS). Three 
type of HSPGs include membrane-spanning- (e.g. syndecan and glypican), ECM- 
(e.g. perlecan) and intracellular vesicle HSPGs (serglycin). 

1.1 Proteoglycans 
Proteoglycans (PGs) are protein-containing glycoconjugates expressed in 
nearly all metazoan cells (Esko et al., 2009). The macromolecules consists of 
a core protein with one or more covalently attached linear glycosaminogly-
can (GAG) chain(s) of repeating disaccharide units. The GAG chains at-
tached to PGs are divided into five major types based on structure, glycosid-
ic linkage and the degree of sulfation of the carbohydrate units: chondroitin 
sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), heparan sulfate 
(HS) and heparin (Esko et al., 2009). These chains are, in varying numbers, 
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covalently linked to core proteins found in the extracellular matrix (ECM), 
attached to the cell membrane or stored in secretory granules (Esko et al., 
2009). All this diversity have facilitated the great span of biological func-
tions exerted by PGs, ranging from structural organization of cartilage tissue 
and the ECM to cell-cell, cell-matrix signaling and cell adhesion (Bishop et 
al., 2007, Esko et al., 2009). 

1.2 HS - structure & function 
The sulfated GAG chain HS is a negatively charged site facilitating electro-
static interactions with a number of biologically active proteins, e.g. mor-
phogens, chemokines, growth factors, enzymes and ECM-proteins (Kjellén 
and Lindahl, 1991, Lyon and Gallagher, 1998, Perrimon and Bernfield, 
2000, Gallagher, 2001, Esko and Selleck, 2002). HS is mainly present in the 
body attached to a core protein, in the form of a PG. Three subfamilies of HS 
proteoglycans (HSPGs) have been described: Membrane-spanning HSPGs 
(e.g. syndecans, betaglycan, CD44v3 and glycophophatidyl inisitol (GPI)-
linked glypicans), ECM HSPGs (e.g. perlecan, collagen XVIII and agrin) 
and the secretory vesicle HSPG, serglycin (Gallagher, 2001, Esko and 
Selleck, 2002, Song and Filmus, 2002, Bishop et al., 2007). HSPGs have 
essential functions in the metazoan system during both embryogenesis and 
adult life: (I) co-receptor for e.g. growth factors, cytokines and microbes, (II) 
transportation and presentation of chemokines at the cell surface, (III) cell 
adhesion to the ECM, (IV) “storage” of growth factors and morphogens in 
the ECM for future release by heparanase, (V) paracrine signaling by HSPG 
ectodomain shedding and (VI) internalization of ligands, e.g. enzymes 
(Bishop et al., 2007, Bernfield et al., 1999). Hence, it is not surprising that 
the field of HS has expanded enormously in the last decades and new func-
tions of HS are continuously being discovered (Esko et al., 2009, Bishop et 
al., 2007).  

Heparin, which has a molecular structure very similar to HS, has been 
used as an anticoagulant in the clinic to treat and prevent thromboembolism 
for more than half a century (Gray et al., 2008). The anticoagulant activity of 
heparin is owed to its specific binding to antithrombin, thus vastly increasing 
the ability of antithrombin to bind and inhibit coagulation proteases (Gray et 
al., 2008). The specific binding of heparin to antithrombin is mediated by a 
unique pentasaccharide sequence found on a subset of heparin chains (Lam 
et al., 1976, Andersson et al., 1976, Thunberg et al., 1979, Rosenberg et al., 
1979, Lindahl et al., 1980). The high structural similarity between HS and 
heparin has caused discussions regarding their definition: Both contain the 
same type of monosaccharide residues with the same type of modifications 
and connected by the same glycosidic linkage, but the degree of sulfation 
and epimerization, as well as core protein, differs between them (Figure 1). 
Heparin has a considerable higher degree of sulfation/epimerization than HS. 
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Heparin chains are also exclusively synthesized in connective tissue mast 
cells in the form of serglycin proteoglycans; while HS is produced in virtual-
ly all metazoan cell types (Esko et al., 2009).  

 
Figure 2. HS/heparin biosynthesis. The elongating chain of alternating GlcA and 
GlcN is subjected to N- and O-sulfation as well as C5-epimerization in varying 
degrees. The heparin chain is modified to a higher degree. The AT-binding penta-
saccharide sequence on heparin is indicated. 

1.3 Biosynthesis  
The structure and amount of HS vary significantly between cells of different 
tissues. However, when comparing between individuals with the same geno-
type, the same levels and structure of HS is found, indicating a very stable 
and regulated HS production process (Ledin et al., 2004). The diverse sul-
fation patterns of HS, which allow for interactions with numerous HS bind-
ing proteins, are created by an orchestra of HS biosynthesis enzymes, capa-
ble of HS chain deacetylation, sulfation, and epimerization (Esko and 
Selleck, 2002, Habuchi et al., 2004), as well as post-biosynthesis sulfatases, 
capable of desulfating the chain (Lamanna et al., 2007, Dhoot et al., 2001, 
Morimoto-Tomita et al., 2002, Ai et al., 2006). Thus, the key to HS biology 
lies in the biosynthesis and modification of the molecule (Figure 1). HS bio-
synthesis is accomplished mainly in the Golgi compartment and is initiated 
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by the biosynthesis of a tetrasaccharide (GlcAβ3Galβ3Galβ4Xylβ3(-Ser)) 
onto specific serine attachment sites, consisting of a Ser-Gly dipeptide 
flanked by acidic amino acids, on a newly translated HSPG core protein 
(Esko et al., 2009, Esko and Selleck, 2002, Esko and Zhang, 1996, Sugahara 
and Kitagawa, 2000). This attachment is catalyzed sequentially by xylosyl-
transferase 1 or 2 (XT1 and XT2)(Ponighaus et al., 2007), galactosyltrans-
ferase I and II (GalTI and GalTII) and glucuronosyltransferase I 
(GlcATI)(Esko and Selleck, 2002). The tetrasaccharide is not specific for HS 
chains, but constitutes a shared feature among HS, heparin, CS and DS 
(Esko et al., 2009). Following the assembly of the linker tetrasaccharide, the 
type of GAG chain that will be synthesized is decided by addition of the next 
sugar residue: While the attachment of a β4GalNAc residue by GALNACT1 
and GALNACT2 results in the initiation of CS/DS biosynthesis, the addition 
of an α4GlcNAc results in the initiation of HS/heparin formation (Esko and 
Selleck, 2002, Esko and Zhang, 1996, Lindahl and Li, 2009). The addition of 
the initial GlcNAc residue to the proximal tetrasaccharide, so called Glc-
NAcT-I activity, is believed to be performed by the evolutionary preserved 
EXT-like 3 (EXTL3) (Esko et al., 2009, Nadanaka and Kitagawa, 2008, 
Kitagawa et al., 2001, Osman et al., 2004, Busse et al., 2007). However, this 
is still under investigation since both EXTL2 and the EXT1/EXT2 complex 
also have been suggested to possess this activity (Nadanaka and Kitagawa, 
2008, Kitagawa et al., 1999, Kim et al., 2003, Busse et al., 2007). Although, 
EXTL2 GlcNAcT-I activity was recently found to inhibit further extension 
of the HS chain, indicating it has a role as a suppressor of HS biosynthesis 
(Nadanaka et al., 2013). 

The co-polymerases exostosin 1 and 2 (EXT1 and EXT2) are responsible 
for the extension of the HS chain by adding alternation GlcA and GlcNAc 
residues, forming repeating disaccharide units (-GlcAβ4-GlcNAcα4-)(Esko 
and Selleck, 2002, McCormick et al., 1998, Lind et al., 1998). Even though 
both of these polymerases comprise dual GlcA and GlcNAc transferase 
(GlcAT, GlcNAcT) activity, formation of the EXT1/EXT2 complex results 
in a synergistically increased polymerase activity (Lind et al., 1998, 
McCormick et al., 2000).  

The elongating HS chain is a target for extensive modifications, starting 
with the substitution of the N-acetyl group of GlcNAc residues with an N-
sulfate group, in two independent steps. Both reactions are performed by the 
N-deacetylase/N-sulfotransferase (NDST) family of enzymes and facilitates 
further modifications of the HS polymer (Esko and Selleck, 2002, Aikawa et 
al., 2001). GlcA residues on the reducing end of a newly sulfated GlcNS 
residue, are subsequently subjected to both epimerization by D-glucuronyl 
C5 epimerase (GLCE) into L-iduronic acid (IdoA) and 2-O-sulfation by an 
uronosyl 2-O-sulfotransferase (2-OST) (Esko and Selleck, 2002, Valla et al., 
2001, Kobayashi et al., 1996, Rong et al., 2000, Rong et al., 2001).  
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After these modifications, a specific pattern of modified regions, do-
mains, appears in the HS chain: Regions rich in GlcA and GlcNAc residues, 
designated N-acetylated (NA) domains, regions highly modified with IdoA 
and GlcNS residues, entitled N-sulfated (NS) domains and the NA/NS do-
mains in between with more or less equivalent amounts of NA and NS glu-
cosamine residues (Maccarana et al., 1996). The GlcNS residues of the NS 
domains of the HS chain are then further sulfated by the glucosaminyl 6-O-
sulfotransferase (6-OST) and the glucosaminyl 3-O-sulfotransferase (3-OST) 
families of enzymes (Esko and Selleck, 2002, Habuchi et al., 1998, Habuchi 
et al., 2000, Shworak et al., 1997, Shworak et al., 1999).  

Post-biosynthetically, the 6-O-sulfate groups are removed in specific re-
gions of the HS chain, at the cell surface, by extracellular sulfatase 1 and 2 
(SULF1 and SULF2) (Lamanna et al., 2007, Dhoot et al., 2001, Morimoto-
Tomita et al., 2002, Ai et al., 2006). 

2. Heparanase 
2.1 Functions 
Heparanase is an essentially lysosomal mammalian protein with multiple 
functions, both intracellularly and extracellularly following excretion 
(Vlodavsky et al., 2013). Due to its endo-β-D-glucuronidase activity, hepa-
ranase is able to cleave the glycosidic bonds of both HS and heparin between 
GlcA and GlcN units, releasing chain fragments of 4-7kDa (Freeman and 
Parish, 1998, Pikas et al., 1998). The fact that HS is involved in a vast range 
of biological processes makes heparanase a highly significant regulator of 
those processes. For example, cleavage of HS in the ECM results in release 
of sequestered signal molecules, including cytokines, growth factors and 
chemokines (Vlodavsky et al., 2013). HS fragmentation also contributes to 
ECM reorganization, thus permitting increased cell motility and tissue inva-
sion (Dempsey et al., 2000). Heparanase also possesses non-enzymatic prop-
erties such as the upregulation of tissue factor in vascular endothelial and 
cancer cells (Nadir et al., 2006), enhancement of Akt signalling and PI3K-
dependent endothelial cell migration (Gingis-Velitski et al., 2004a), and 
facilitation of cell adhesion (Levy-Adam et al., 2008). Furthermore, via both 
enzymatic and non-enzymatic mechanisms, heparanase affects expression of 
essential genes, such as growth factor hepatocyte growth factor (HGF), vas-
cular endothelial growth factor (VEGF), which stimulates angiogenesis, and 
the ECM degrading matrix metalloproteinase (MMP)-9 (Zetser et al., 2006, 
Purushothaman et al., 2008, Ramani et al., 2011). Altogether, heparanase`s 
great repertoire of functions together with the widespread abundance of its 
enzymatic substrates makes it an important biomolecule in numerous physio-
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logical and pathological conditions, including embryogenesis, inflammation, 
autoimmune disorders, amyloidosis and cancer. 

2.2 Molecular properties 
A predominant form of heparanase is present in mammals, encoded by the 
HPSE gene. The mRNA is translated into an inactive pre-proenzyme of 543 
amino acid, with the molecular weight of 65kDa (Figure 3)(Hulett et al., 
1999, Kussie et al., 1999, Toyoshima and Nakajima, 1999, Vlodavsky et al., 
1999). After removal of the signal peptide from the pre-proheparanase in the 
ER, latent proheparanase is transported by vesicles through the Golgi com-
partment to the cell surface. At the cell surface the latent heparanase binds 
membrane-bound HSPGs through HS/heparin binding domains (HBDs) and 
rapidly becomes internalized (Gingis-Velitski et al., 2004b, Levy-Adam et 
al., 2005). The internalization can also be assisted through proheparanase 
binding to low-density lipoprotein receptor-related proteins and mannose 6-
phosphate receptors (Vreys et al., 2005). After internalization, the hepara-
nase/HSPG complex is transported to lysosomes where proheparanase is 
processed, by the protease cathepsin-L, into the enzymatically active form 
by removing a 6 kDa internal linking segment, and joining the two remain-
ing polypeptides of 50kDa and 8kDa into a heterodimer (Figure 2)(Zetser et 
al., 2004, Abboud-Jarrous et al., 2005, Abboud-Jarrous et al., 2008). The 
optimal pH for the catalytic activity of heparanase has been found to be 
mildly acidic, between 5-6 (Gilat et al., 1995). The glutamic acids at position 
225 and 343 are proposed catalytic residues for the endo-β-D-glucuronidase 
activity of heparanase, serving as proton donor and nucleophile, respectively 
(Hulett et al., 2000, Wu et al., 2015). A TIM-barrel fold contains the active 
site together with a catalytically essential C-terminal-domain (C-domain) 
(Figure 2). The C-domain has also been shown to be involved in the secre-
tion of heparanase and in the non-enzymatic facilitation of Akt phosphoryla-
tion, cell proliferation and tumor xenograft progression (Fux et al., 2009).  

2.3 Expression 
After the discovery of heparanase (Ogren and Lindahl, 1975), its activity 
quickly became associated with tumor progression and its expression has 
since then been found to be upregulated in essentially all tumors examined 
(Vlodavsky et al., 1983, Nakajima et al., 1984, Vlodavsky et al., 2008). 
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Figure 3. Heparanase biology. A) The activation process of heparanase involves 
removal of a signal peptide (sp) and excision of a linker segment present on the 
inactive pre-proenzyme. B) Crystal structure of the active heterodimer form of hepa-
ranase (PDB entry: 5E8M, 5E9B, Wu et al., 2015). Subunit 8 kDa (orange) and 50 
kDa (green) polypeptides, TIM-Barrel, C-terminus domain (C-domain) active site 
(red) and 9-mer bound HS ligand, are indicated. C) Cleavage site of heparanase 
between GlcA and GlcN on HS/heparin (red arrow). Main determinants for recogni-
tion and binding stability, including N-sulfation and 6-O-sulfation, two and one 
monosaccharides away from the cleavage site, towards the non-reducing end and the 
reducing end, respectively, are indicated. 
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In contrast, healthy tissue, including connective tissue cells and most 
normal epithelia, express very low or no heparanase mRNA, with the excep-
tion of the placenta, keratinocytes, platelets and activated cells of the im-
mune system (Parish et al., 2001, Vlodavsky et al., 2001). The high probabil-
ity of pathological development as a consequence of increased heparanase 
activity implies that there should exist a strict regulation of its activity in our 
bodies and this has indeed turned out to be the case. Heparanase regulation 
exists (I) on the post-transcriptional level, through cathepsin-L-dependent 
activation (Abboud-Jarrous et al., 2008), (II) on the gene level by early 
growth response transcription factors, p53, inflammatory cytokines and hy-
poxia (Lerner et al., 2011, Chen et al., 2004, de Mestre et al., 2005, Baraz et 
al., 2006, Sandwall et al., 2009) and (III) by means of regulating the secre-
tion of the lysosomally stored activated form of heparanase by physiological 
concentrations of ADP and ATP (Goldshmidt et al., 2002, Shafat et al., 
2006). 

Transgenic mice that either overexpress the human heparanase gene 
(Hpa-tg)(Zcharia et al., 2004) or lack the expression of the endogenous gene 
(Hpa-KO)(Zcharia et al., 2009) have been established. Both mouse models 
have mild phenotypes, as they appear normal, are fertile and have normal 
life spans. However, they have been proven to be excellent tools for studying 
HS and heparanase in numerous physiological and pathological processes 
(Vlodavsky et al., 2013). The HS chains from newborn and adult Hpa-tg 
mouse tissues are considerably shorter than those in wildtype mice. Physio-
logical studies of Hpa-tg mice revealed lower food consumption and body 
weight, increased rate of hair growth, increased levels of urinary protein, 
excess branching and widening of ducts in mammary glands linked to in-
creased neovascularization and disrupted basal membranes (Zcharia et al., 
2004). Studies of the Hpa-KO mouse lacked an obvious phenotype, even 
though tissues contained longer HS chains and were completely deficient of 
heparanase (Zcharia et al., 2009). This phenomenon was ascribed to an up-
regulated expression of MMPs, being able to take over some of the tasks 
normally performed by heparanase, such as ECM modulation (Wang et al., 
2012). 

2.4 Enzymatic properties 
The substrate specificity of the endo-β-D-glucuronidase activity of hepara-
nase was elucidated in a step-wise manner. Dagmar Pikas and her colleagues 
utilized heparanase, isolated from human hepatoma and platelets, together 
with heparin, HS and capsular polysaccharides generated from Escherichia 
coli, K5, modified in varying ways to mimic the different modification steps 
in endogenous HS biosynthesis (Pikas et al., 1998). An 8-mer heparin, with 
only one cleavage site, was found to be cleavable. However, the unmodified 
K5 polysaccharide, with the same backbone as unmodified HS/heparin, was 
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non-degradable. Furthermore, chemical modification of the K5 backbone by 
N-deacetylation/N-sulfation or partial enzymatic C-5 epimerization of GlcA 
to IdoA, did not facilitate degradation. Instead, sole addition of O-sulfation 
on the K5 backbone enabled degradation. Subsequent O-desulfation analysis 
revealed a critical 2-O-sulfation on a hexuronic acid, two monosaccharides 
away from the cleavage site towards the reducing end.  

In a later study a more complex view of the substrate specificity emerged, 
when purified recombinant heparanase and a library of diversely sulfated 
tetra- and hexasaccharides, isolated from porcine intestinal heparin and bo-
vine kidney HS, were used (Okada et al., 2002). This study revealed that the 
minimum size of the backbone for heparanase recognition is a trisaccharide 
and that certain combinations of sulfation patterns around the cleavage site 
are important. However, this study could not identify any sulfated sequence 
specifically recognized by heparanase.  

Peterson and Liu performed two studies where purified recombinant hep-
aranase and enzymatically synthesized polysaccharides and structurally de-
fined oligosaccharide substrates was used (Peterson and Liu, 2010, Peterson 
and Liu, 2012). The studies suggested plasticity in heparanase substrate 
recognition without any specific sulfation sequence specificity, but instead a 
requirement for sulfation with a bias towards various sulfated patterns at and 
nearby the cleavage site. Concerning the catalytic mode of action, it was 
proposed that two different mechanisms for substrate processing exists: con-
secutive and gapped cleavage, with different distance between sites of cleav-
age (Peterson and Liu, 2012). A possible ability of heparanase to bind re-
leased fragments allosterically was also suggested.  

Recently, crystal structures of heparanase, with or without bound specific 
HS-like substrates, were analyzed (Wu et al., 2015). The structure analysis 
was in agreement with earlier findings, recognizing the need for sulfated 
areas of HS/heparin substrate to enable interaction with heparanase. Fur-
thermore, the recognized part of HS in the binding cleft was confirmed to be 
a trisaccharide. Main determinants for recognition and binding stability was 
suggested to be N-sulfation and 6-O-sulfation, two and one monosaccharides 
away from the cleavage site, towards the non-reducing end and the reducing 
end, respectively. 

2.5 Heparanase 2 
A homologous gene of heparanase has also been found, denoted heparanase 
2. It has three splice variants and shares approx. 40% sequence identity with 
heparanase (McKenzie et al., 2000). Although it does not possess endo-β-D-
glucuronidase enzymatic activity, it has been shown to be widely expressed 
in healthy tissue and to be able to bind strongly to HS/heparin and hepara-
nase, suggesting a significant role as an inhibitor of heparanase activity 
(Levy-Adam et al., 2010). The inhibition is further supported by a study 
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where increased protein expression of heparanase 2 was correlated with a 
favorable outcome of gastric cancer (Zhang et al., 2013). Additionally, a 
recent in vivo experiment showed that overexpression of heparanase 2 in 
head and neck cancer cells reduced tumor growth and tumor vascularization 
in immunodeficient NOD/SCID mice (Gross-Cohen et al., 2016). This effect 
was shown to be HS-independent and unrelated to heparanase activity.  

3. HS & heparanase in inflammation 
3.1 Inflammation 
The healthy adult human body is in a functional state of tissue homeostasis. 
When the homeostasis is disturbed, the body swiftly responds with a com-
plex orchestration of potent countermeasures to restore it. A central part in 
the course of restoration is an immunovascular response entitled inflamma-
tion. Inflammation is the major response of the non-specific innate part of 
the immune system. The potentially harmful causative stimuli of acute in-
flammatory responses can be of physical, chemical, biological and psycho-
logical nature, e.g. blunt trauma, heat, cold or infectious organisms (Serhan 
et al., 2010). In the early stage of an acute inflammatory response, immune 
cells (leukocytes), mainly neutrophils, are recruited to the site of injury (so 
called “homing”). This process begins with the activation of the local vascu-
lar endothelial cells that initiate expression of different types of adhesion 
molecules and chemoattractants on their cell surface (Serhan et al., 2010). 
This allows leukocytes in the bloodstream, expressing P-selectin glycopro-
tein ligand (PSGL)-1 and L-selectin on their cell surfaces, to interact transi-
ently with endothelial P-selectin, HSPGs and glycosylation-dependent cell 
adhesion molecule (GlyCAM)-1. The transient interactions cause the leuko-
cytes to slow down and roll along the vessel wall (Gotte, 2003, Ley et al., 
2007). Chemokines (e.g. macrophage inflammatory protein (MIP)-2 and 
interleukin (IL)-8) bound to HSPGs presented on the endothelial cell surface 
then activate leukocyte cell surface integrins (e.g. lymphocyte function-
associated antigen (LFA)-1 and macrophage-1 antigen (Mac-1)) that interact 
strongly with endothelial immunoglobulin family of adhesion proteins (e.g. 
intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion mole-
cule (VCAM)-1), resulting in leukocyte arrest (Gotte, 2003). Following ar-
rest, leukocytes are guided along the endothelial surface in a crawling mo-
tion, via integrin interaction and chemotaxis. At a location with high amount 
of presented chemokines, the leukocytes transmigrate into the inflamed sub-
endothelial tissue within minutes (Ley et al., 2007, Phillipson et al., 2006, 
Massena et al., 2010, Hepper et al., 2012, Heit et al., 2008). Other early in-
flammatory events include vasodilation (“widening”) and increased permea-
bility of the blood vessel, to enable a flow of fluid and plasma protein into 
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the site of injury, causing swelling (edema) (Serhan et al., 2010). Plasma 
proteins with important functions at the site of inflammation include (I) in-
nate immunity complement proteins that combat pathogens and toxins in 
various ways, and (II) opsonizing antibodies and acute-phase reactants, also 
with diverse functions, that facilitate an efficient immune response (Abbas et 
al., 2012). 

The entire process of inflammation is orchestrated through a diverse col-
lection of inflammatory mediators, including cytokines, chemokines, com-
plement proteins, acute phase reactants and resident cell-derived small-
molecule mediators (Serhan et al., 2010). Secretion of cytokines by tissue 
cells is an early response to infection or tissue damage, and a critical event to 
activate an acute inflammatory response (Abbas et al., 2012). Tumor necro-
sis factor (TNF), IL-1 and IL-6 are the most central pro-inflammatory cyto-
kines of the innate immune system since they are involved in initiation of 
many essential steps of the inflammatory response. These steps include the 
induction of (I) adhesion molecules and chemokines instrumental in leuko-
cyte-endothelial interaction during extravasation, (II) fever, (III) liver syn-
thesis of acute-phase proteins, (IV) glycogen/fat catabolism and (V) apopto-
sis as well as (VI) pro-inflammatory activation of numerous cell types that 
consequently express and secrete various inflammatory mediators on their 
own, thus creating a cascade of effector molecules and an easily accessible 
environment of apoptosis, phagocytosis and tissue generation. TNF, IL-1 
and IL-6 are mainly supplied by mast cells and tissue macrophages, but also 
by local cells such as endothelial and epithelial cells (Abbas et al., 2012). 

Following the successful destruction of harmful stimuli, and regeneration 
of the damaged tissue, the inflammatory reaction is resolved, usually within 
days. Edema fluid gets transported back to the blood via draining lymphat-
ics, together with a part of the leukocytes. Other leukocytes are cleared by 
apoptosis and subsequent phagocytosis by local macrophages (Serhan et al., 
2010).  

In some cases, the acute inflammation is not properly resolved and enters 
a chronic state of inflammation due to incomplete elimination of an infec-
tion, prolonged tissue injury or inappropriate, persisting activation of the 
immune system. During chronic inflammation, the dominating leukocyte 
recruited to the site of inflammation is changed from neutrophils to mono-
cytes, activated to mature into macrophages. These macrophages commonly 
work together with lymphocytes of the secondary antigen-specific adaptive 
immune system to create continuous cascades of pro-inflammatory media-
tors, so called flares, leading to tissue remodeling through angiogenesis and 
fibrosis (Abbas et al., 2012). 
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3.2 HS in inflammatory reactions 
HS is involved in numerous inflammatory events. Interactions between HS 
and toll-like receptor 4 (TLR-4) have been shown to trigger an inflammatory 
response (Johnson et al., 2002, Brunn et al., 2005, Akbarshahi et al., 2011, 
O'Callaghan et al., 2015). As mentioned previously, HS plays an essential 
role in leukocyte-endothelial cell interaction and the resulting extravasation 
from the blood into the site of injury, both as an adhesion molecule, interact-
ing with leukocyte L-selectin, and through presentation of the large group of 
chemokines guiding the leukocytes to the site of transmigration (Gotte, 
2003, Ley et al., 2007)(Figure 3A). Among inflammatory mediators, HS 
does not only bind chemokines, but also non-chemotactic cytokines. Bio-
chemical in vitro studies have shown interactions between HS and MIP-2 
(Massena et al., 2010), MIP-1α (Stringer et al., 2003) and “regulated on acti-
vation, normal T cell expressed and secreted” (RANTES) (Vives et al., 
2002) as well as the cytokines IL-2 (Najjam et al., 1998), IL-8 (Spillmann et 
al., 1998), and IL-10 (Salek-Ardakani et al., 2000). HS also stores these in-
flammatory mediators in the ECM, making them readily available for an 
immediate inflammatory response (Bishop et al., 2007, Bernfield et al., 
1999). 

3.3 Heparanase in inflammatory reactions 
As an HS-fragmenting/modifying enzyme, heparanase is believed to be in-
volved in all the actions of HS. This implies a diverse role of heparanase in 
various stages of inflammation, including the initiation process, homing and 
extravasation of leukocytes, regulation of the local inflammatory response at 
the site of injury and final resolution of inflammation. Heparanase activity 
was early discovered in neutrophils and activated T-cells, hypothesized to 
contribute to extravasation and migration to the site of injury in inflammato-
ry settings (Naparstek et al., 1984, Matzner et al., 1985, Fridman et al., 1987, 
Lider et al., 1989, Vlodavsky et al., 1992).  
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Figure 4. The effect of HS and heparanase on leukocyte extravasation during in-
flammation. A) Tissue damage on an epithelial layer prompts the release of danger 
signal molecules that stimulates nearby cells to produce chemokines/cytokines. B) 
Activation of macrophages through TLR4-binding of danger signal molecules, and 
heparanase interaction, leading to subsequent release of chemokines/cytokines. C) 
Chemokine presentation by HSPGs on the vascular endothelial cell surface facili-
tates extravasation of leukocytes. D) Heparanase inhibits the chemokine presentation 
by HSPGs to leukocytes by shortening the HS chains that consequently lose binding 
capacity for chemokines/cytokines. E) Heparanase augments the inflammation 
through the release of signal molecules sequestered by HS. Chemokine: MIP2, PDB 
entry: 3N52 (Rajasekaran et al., 2012); Heparanase: PDB entry: 5E8M (Wu et al., 
2015); 

However, in a recent study, extravasation of both T-cells and neutrophils 
was shown to be independent of their heparanase expression levels whereas 
heparanase expression in monocytes significantly contributed to their trans-
migration into inflamed peritoneal cavity (Stoler-Barak et al., 2015). Fur-
thermore, a great amount of data has identified epithelial and endothelial 
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cells as the main source of heparanase during inflammation, and the expres-
sion of heparanase in these cells is induced in response to inflammatory cy-
tokines (Chen et al., 2004, Edovitsky et al., 2006, Lerner et al., 2011, 
Schmidt et al., 2012, Goldberg et al., 2013). An HS-containing glycocalyx 
layer blocks leukocyte binding sites on vascular endothelial cells during non-
inflammatory conditions (Constantinescu et al., 2003, Weinbaum et al., 
2007). In a model of acute inflammatory lung injury, the activity of hepara-
nase was increased and resulted in degradation of the pulmonary endothelial 
glycocalyx, leading to exposure of endothelial surface adhesion molecules 
and increased neutrophil recruitment (Schmidt et al., 2012). This phenome-
non was attenuated in Hpa-KO mice, suggesting a pro-inflammatory role of 
heparanase in leukocyte homing to the site of injury. However, heparanase 
overexpression was shown to attenuate chemokine-guided leukocyte crawl-
ing along the endothelial surface due to the reduced ability of truncated en-
dothelial surface HS to bind and present chemokines, thereby limiting the 
inflammatory response (Massena et al., 2010)(Figure 3C). In line with this, 
leukocyte recruitment and activation were attenuated in models of inflamma-
tory hyperalgesia and neuroinflammation in Hpa-tg mice (Li et al., 2012, 
Zhang et al., 2012). The anti-inflammatory effect of heparanase in those 
studies is proposed to be an effect of HS fragments, constantly present in 
Hpa-tg mice, acting as inhibitors of HS/chemokine-interactions (Young, 
2008, Goldberg et al., 2013).  

Several lines of evidence associate heparanase both with the induction 
and attenuation of inflammation due to its modulating function of the inter-
play between HS and TLR-4 on leukocytes (mainly resident tissue macro-
phages), and by regulating the mast cell storage of inflammatory mediators 
in secretory granules (Brunn et al., 2005, Lerner et al., 2011, Wang et al., 
2011, Blich et al., 2013, Brennan et al., 2012, Goodall et al., 2014, 
O'Callaghan et al., 2015). In a model of chronic inflammatory ulcerative 
colitis, heparanase was further suggested to drive the mechanism behind the 
disorder in a viscous self-sustaining cycle (Lerner et al., 2011). In the sug-
gested model, macrophages produce TNFα and cathepsin-L that leads to 
induction and activation of heparanase from the colon epithelial cells. This, 
in turn, facilitates further stimulation of macrophages because of their in-
creased exposure to the intestinal microbial flora. In more recent studies, 
heparanase was found to activate and induce cytokine expression in macro-
phages. Whether the activation is dependent on its enzymatic modulation of 
HS or not is unclear (Goodall et al., 2014, Gutter-Kapon et al., 2016). On the 
other hand, microglial response to LPS via TLR-4 and CD14 was disturbed 
in Hpa-tg mice, suggesting an agonist role of intact HSPGs in TLR-4 stimu-
lation of an innate immune response (O'Callaghan et al., 2015).  

Collectively, the role of heparanase in inflammatory settings is multifac-
eted, as it is involved in both pro- and anti-inflammatory mechanisms. The 
most obvious explanation of this phenomenon is the broad functional range 
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of its substrate HS. Nevertheless, more studies are needed to unravel the 
action of heparanase in various physiological and pathological scenarios. 

3.4 Murine models of inflammation 
The induction step of inflammation includes detection of pathogen- and 
damage-associated molecular patterns (PAMPs and DAMPs) by pattern 
recognition receptors (PRRs) (Serhan et al., 2010). These are evolutionary 
conserved germline-encoded receptors that recognize (I) molecular struc-
tures that are characteristic of microbial pathogens but not mammalian cells 
(e.g. bacterial cell wall structures, fungal mannans and viral double-stranded 
RNA), as well as (II) endogenous molecules produced or released from 
damaged and dying cells (e.g. heat shock proteins and nuclear proteins) 
(Abbas et al., 2012). Such ligand molecules are utilized to induce and study 
inflammation and inflammatory-associated diseases in animal models. Com-
plete Freund׳s adjuvant (CFA), lipopolysaccharide (LPS) and silver nitrate 
(AgNO3) were utilized in my studies. 

CFA consists of a non-metabolizable oil mixture of paraffin oil and 
mannide monooleate along with heat-killed Mycobacterium tuberculosis. It 
is used extensively to potentiate the immune response towards antigens, 
which are mixed together with the CFA as a water-in-oil emulsion and sub-
sequently injected into animals (Freund et al., 1937, Petrovsky and Aguilar, 
2004). Since the bacterial component of CFA contains many PAMPs, nu-
merous PRRs are stimulated, including TLR2, -4 and -9, C-type lectin recep-
tor (CLR) Mincle, and NOD-like receptor (NLR) 2 (Coffman et al., 2010, 
Kleinnijenhuis et al., 2011). CFA stimulation creates a strong TH1/TH17 type 
adaptive immune response with production of cytokines, such as TNFα, IL-
1, IL-6, IL-17 and interferon (IFN)-γ, as well as chemokines and adhesion 
molecules (Serhan et al., 2010).  

LPS is a structurally heterogeneous cell wall component of Gram-
negative bacteria (O'Neill et al., 2013). The lipid moiety of LPS, Lipid A, is 
responsible for its inflammation-stimulating activity (Westphal and Luderitz, 
1954). The discovery of the LPS-receptor TLR4 is historically considered to 
have paved the way for our current understanding of the innate immune sys-
tem, and its importance was recognized with the Nobel Prize in 2011 
(O'Neill et al., 2013). LPS stimulation of TLR4 on leukocytes leads to a 
strong TH1/TH17 type inflammatory response with IL-1/TNFα/IFN-γ produc-
tion through the nuclear factor (NF) –κB pathway (Abbas et al., 2012, Park 
et al., 2015). 

Silver nitrate is an oxidative agent that can induce a sterile inflammation 
in mice caused by tissue damage and subsequent DAMP activation. Among 
other purposes, it is utilized for its ability to induce production of acute 
phase proteins, such as serum amyloid A (SAA) (Ishihara, 1973, Skinner et 
al., 1977). Experimental models with subcutaneous injections into mice dur-
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ing 2-3 weeks or a single injection together with amyloid enhancing factor 
(AEF) are utilized for development of amyloid protein A (AA) amyloidosis 
(Axelrad et al., 1982). 

4. HS & heparanase in rheumatoid arthritis (RA) 
4.1 Rheumatoid arthritis 
Self-tolerance is the fundamental ability of the immune system not to re-
spond to endogenous antigens. An ability acquired through previous expo-
sure to these antigens. When self-tolerance fails, the immune system initiates 
immunologic responses towards self-antigens, a condition termed autoim-
munity (Abbas et al., 2012). Rheumatoid arthritis (RA) is an autoimmune 
disorder causing chronic inflammation in the synovium (synovitis) of small 
and large joints of the extremities, such as fingers, elbows, shoulders, knees, 
ankles and toes (Abbas et al., 2012). It is a disease with systemic manifesta-
tion of inflammation, such as pulmonary fibrosis and vasculitis, and it often 
co-occurs with other diseases, including atherosclerosis, amyloidosis and 
ischemic heart disease (NCCCC, 2009). Arthritis, meaning joint inflamma-
tion, generates formation of synovial fibrous tissue, called pannus, and de-
struction of the articular framework, including cartilage and bone tissues. In 
the most severe scenario, the joint ends become fused, known as ankylosis 
(Abbas et al., 2012). The disease is found in around 1% of the adult popula-
tion worldwide and has been traced back thousands of years to Native Amer-
ican tribes in North America (Rothschild et al., 1988, Firestein, 2003). Inter-
estingly, evidence of the presence of RA in Europe first emerged in the early 
17th century, suggesting a late emergence of a causative factor (Firestein, 
2003).  

The pathology of RA involves various cell types of the innate and adap-
tive immune system, as well as local cells of the joint tissue. T-cells, includ-
ing pro-inflammatory CD4+ TH1 and TH17 cells, macrophages, activated B 
cells, antibody-producing plasma cells and neutrophils are found in the in-
flamed synovium of RA patients (Abbas et al., 2012). These cells work to-
gether with the local cells in orchestrating inflammatory-mediated tissue 
injury through an array of cytokines, including TNFα, IL-1, IL-6, IL-8, IL-
17 and interferon (IFN)-γ, as well as proteolytic enzymes such as MMPs, 
serine proteases and aggrecanases (Firestein, 2003, Abbas et al., 2012). Ac-
tivation and resulting hyperplasia of the lining fibroblast-like cells of the 
local synovial membrane, leads to their invasion into the synovial space and 
pannus-formation on the cartilage surfaces where they start do degrade the 
cartilage layer, and later on the underlying bone tissue (Firestein, 2003). The 
process of pannus formation has been compared to the formation of a tumor, 
due to the characteristics of the pannus-forming hyper-proliferating and de-
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differentiating synoviocytes, and the tissue environment within the pannus 
with activated angiogenesis, oxidative stress and hypoxia (Firestein, 2003).  

In addition to the cell-mediated mechanisms, there is also a humoral im-
mune response involved in the pathology of RA. Autoantibodies, able to bind 
to Fc regions of other antibodies, are frequently found in the circulation of RA 
patients and are used in the diagnosis of the disease. They are called Rheuma-
toid factors (RFs) and form antibody-antibody immune complexes that have 
been proposed to be key elements in autoimmunity (Abbas et al., 2012). The 
enzymatic conversion of arginine to citrulline on proteins is a common modi-
fication in inflammatory environments but the presence of antibodies against it 
is suggested to contribute to the development of RA. Autoantibody, recogniz-
ing the citrullinated peptides (anti-citrullinated protein antibodies; ACPAs), 
has been shown to be present in more than 70% of RA patients, and has a 
higher specificity for RA than RF, even though both are present in numerous 
inflammatory conditions (Nishimura et al., 2007). In addition to the articular 
destruction, there are also non-articular systemic consequences of RA, includ-
ing vasculitis and lung injury (Abbas et al., 2012).  

The underlying causes of RA are not fully understood but include a com-
bination of genetic and environmental factors that generate a tissue environ-
ment in which self-tolerance is overcome. Among the genetic factors, many 
alleles of the HLA-DRB1 gene, coding for major histocompatibility complex 
(MHC) component HLA-DR4, involved in antigen presentation, are highly 
associated with the disease (Nepom et al., 1989). These alleles all share a 
five amino acid sequence motif in HLA-DR4, known as the “shared epitope” 
(Gregersen et al., 1987). Interestingly, HLA-DR4 and synthesized peptides 
containing the “shared epitope” has been shown to interact with a citrullinat-
ed protein, and consequently activate an innate immune response (Ling et 
al., 2013). Among environmental factors, tobacco and infections have the 
highest association with RA (Abbas et al., 2012). Together with the finding 
that tobacco can be traced back to early Native American tribe members in 
North America, which have been found to present skeletal RA symptoms, 
makes it a very strong candidate for studies regarding RA induction.  

The goal of current treatments of RA is to limit the disease progression or 
even achieve full remission of the condition. These treatments include dis-
ease-modifying anti-rheumatic drugs (DMARDs) such as methotrexate and 
biologic agents, such as the cytokine inhibitor anti-TNF. There are also 
symptom-managing treatments including non-steroidal anti-inflammatory 
drugs (NSAIDs) and corticosteroids (Burch and Onysko, 2012, Schuna, 
2011). These are broad anti-immune and anti-inflammatory drugs, having a 
systemic immunosuppressive effect, resulting in increased susceptibility to 
infections. Therefore, future treatments that are currently explored focus on 
antigen-specific therapies that can restore self-tolerance, mainly through the 
utilization of modified immunosuppressive regulatory T cells (Thomas, 
2013). 
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4.2 Heparanase & RA 
Inflammatory-mediated leukocyte recruitment and ECM remodeling as well 
as immune response activation and angiogenesis are common processes in 
RA pathogenesis in which heparanase has been implicated (Vlodavsky et al., 
2013). The involvement of heparanase in inflammatory processes and as a 
regulator of innate immune activation was discussed earlier (see chapter 3.3 
“Heparanase in inflammation”). Angiogenesis is essential to the formation of 
“tumor-like” pannus during the development of RA by facilitating synovio-
cyte and immune cell proliferation (Matsuno et al., 2002, Roccaro et al., 
2005, Wang et al., 2005). Heparanase has many proangiogenic properties 
related to its ability to cleave HS in the ECM. This ECM remodeling facili-
tates cell migration and proliferation of budding vascular endothelial cells 
along with the release of various proangiogenic mediators such as fibroblast 
growth factor (FGF), ECM degrading MMPs, proinflammatory cytokines, 
cell attracting chemokines and platelet factor 4 (PF-4)(Karateev, 2003). Tak-
ing all of these potential RA-functions into account, heparanase expression is 
likely to be found in the joint of RA patients. Indeed, a study showed a more 
than 100-fold increase of heparanase activity in synovial fluid and tissue 
from the knee joint of patients with RA as compared to patients with osteoar-
thritis and patients without arthritis. This was accompanied by upregulated 
heparanase mRNA expression in synovial tissue (Li et al., 2008). 

4.3 Collagen-induced arthritis (CIA) 

 
Figure 5. Collagen-induced arthritis C57Bl/6 mouse with severe swelling of hind 
and front paws. 

Several inducible models have been developed to mimic the pathology of 
RA. These involve procedures of immunization with (I) joint related proteins 
(e.g. collagens, proteoglycans, glucose-6-phosphate isomerase), (II) antigen-
specific mediators (antibodies or T-cells) and (III) adjuvant (e.g. CFA, pris-
tine or mannan). The available models vary in their ability to mimic the pa-
thology and their coverage of different stages of RA (Holmdahl, 2015).  

Collagen-induced arthritis (CIA) is a well-established model of RA, used 
in both mice and rats (Holmdahl et al., 1989). The induction involves subcu-
taneous injections of collagen type II (CII) emulsified in complete (and in-
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complete) Freund׳s adjuvant (CFA) (Holmdahl et al., 2002). The CII injected 
into mice is of chicken, bovine or porcine origin, where C57Bl/6 and DBA/1 
mice is particularly susceptible to chicken and bovine CII, respectively 
(Wooley et al., 1985). CFA with different amounts of heat-killed Mycobac-
terium tuberculosis is mixed with the antigen as a water-in-oil emulsion and 
subsequently injected into an animal model (Freund et al., 1937, Petrovsky 
and Aguilar, 2004). Incomplete Freund׳s adjuvant (IFA), lacking the bacteri-
al components, is used together with CII to induce CIA in rats and to boost 
the immune response in mice about 3 weeks post CFA-induction (McNamee 
et al., 2015). The most susceptible mouse strain for CIA is the DBA/1 
mouse, because of its expression of the MHC type-II molecule haplotype H-
2q, which is important for antigen recognition (Wooley et al., 1985). Howev-
er, DBA/1 mice do not develop a chronic type of arthritis and since genetic 
models of mice most commonly are on the C57Bl/6 background strain, gen-
erating DBA/1 mice with a genetic construct normally requires years of tedi-
ous back-crossing work (Inglis et al., 2007). The C57Bl/6 mice carry the H-
2b haplotype and were previously believed to be resistant to CIA. However, 
the development of alternative induction protocols with chicken CII and an 
increased amount of M. tuberculosis has enabled arthritis induction also in 
these mice, with around 50-75% of the mice developing visible arthritis 
(Inglis et al., 2008, Campbell et al., 2000). In contrast to DBA/1 mice, 
C57Bl/6 mice develop a chronic type of arthritis, which is similar to RA in 
humans (Inglis et al., 2007). The paw swelling is milder than in DBA/1 
mice, but with a gradual increase of severity. However, the arthritogenic 
mechanisms driving the C57Bl/6 induction are not clear: A humoral re-
sponse towards CII with anti-CII antibodies is present, but there have been 
conflicting results concerning the ability of T-cells to cross-react with CII 
(Inglis et al., 2007, Backlund et al., 2013). Recently, a rapid back-cross into 
an H-2q haplotype has been made possible by Holmdahl and his colleagues, 
with the use of C57Bl/6N.Q mice (Backlund et al., 2013). Since these mice 
express the H-2q haplotype on a C57Bl/6 background, only three generations 
of crossings with genetically modified C57Bl/6 mice are needed to produce 
homozygotic expression of the H-2q haplotype. Thus, providing confirmed 
CII-specific T-cell responsiveness in the CIA mouse model together with the 
genetic alteration of interest. 

Additional to the adaptive response, CIA is also accompanied by a di-
verse innate response, mainly brought on by the bacterial components of 
CFA (Billiau and Matthys, 2011). It has been proposed that CFA has a main 
role in the development of arthritis in the CIA model, where the initial stage 
of the model is characterized by an innate immune response towards CFA, 
which in turn facilitates the following adaptive auto-immune response to-
wards articular auto-antigens (Billiau and Matthys, 2011). This assumption 
is based on the observed development of arthritis in rats and mice injected 
with CFA only, suggesting a limited importance of injected auto-antigens in 
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the CIA model (Trentham et al., 1977, Geboes et al., 2007). Instead, system-
ic inflammatory induction as well as previously observed enhanced expan-
sion of myeloid leukocyte precursors (myelopoiesis), is suggested to be of 
critical importance for subsequent leukocyte infiltration, inflammation and 
destruction of the joint (Matthys et al., 1999, Billiau and Matthys, 2011). 

5. HS & heparanase in amyloidosis 
5.1 Amyloidosis 
To date, 31 human amyloid fibril proteins (AFPs) are known to have the 
pathological ability to misfold and aggregate into large insoluble fibrillar 
structures denoted amyloid (Sipe et al., 2014, Harrison et al., 2007). The 
amyloid fibrils are deposited in specific tissues and accumulate over time. 
The accumulation damages the surrounding cell structures and cause in-
flammation and extensive cell death that compromises organ functions. This 
condition is known as amyloidosis and can potentially lead to life threaten-
ing failure of an entire organ (Sipe et al., 2014). Amyloid formation is a re-
sult of native soluble AFPs becoming misfolded. As all other proteins, the 
polypeptide chains of AFPs are initially synthesized and folded into their 
native, biologically functional, soluble form in the ER. However, a small 
fraction of the soluble AFPs will at a later time point misfold and aggregate 
into highly-ordered β-pleated sheet structures, thus forming rigid, insoluble, 
linear fibrils of about 10 nm width (Sipe et al., 2014). This can occur locally 
or systemically in multiple organs, depending on whether the amyloid pro-
tein is expressed nearby the deposition site or whether it is a plasma protein. 
All amyloid fibrils bind the dye Congo red and display a green, yellow or 
orange birefringence upon polarization microscopy (Sipe et al., 2014).  

HS has been extensively associated with amyloid deposits. In fact, HS in-
teracts directly with AFPs and also accelerates the misfolding of AFPs into 
amyloid fibrils (Zhang and Li, 2010). However, the exact function of HS in 
the development of different amyloidoses is still unclear. 

5.2 Serum amyloid A & AA amyloidosis 
Serum amyloid A (SAA) is an acute phase apolipoprotein that is associated 
with the cholesterol-transporting high-density lipoprotein (HDL) particles in 
blood (Benditt et al., 1982, Gabay and Kushner, 1999). The importance of its 
physiological function is strongly supported by the fact that SAA has been 
extensively conserved throughout more than 500 million years of evolution 
(Santiago et al., 2000, Santiago-Cardona et al., 2003). The physiological 
function of SAA is related to its substantial acute phase response during 
inflammation. Here, the plasma concentration of SAA is upregulated by a 
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1000-fold (0.001-1mg/ml) via liver synthesis. Hence, making SAA the most 
abundant apolipoprotein in HDL particles (Gabay and Kushner, 1999).  

The precise role of SAA during inflammation is still unknown, but sug-
gestions include regulation of the immune response as well as recycling of 
cholesterol generated at sites of injury (Kisilevsky and Manley, 2012). The 
reverse cholesterol transport (RCT) from the periphery to the liver by HDL 
during non-inflammatory conditions is a well-studied process associated 
with inhibition of atherosclerotic plaque formation (Goldbourt et al., 1997). 
HDL targets macrophages for obtaining cholesterol, both during normal 
(vascular macrophages) and inflammatory (macrophages at the site of in-
flammation) conditions, and this interaction can be facilitated by HS 
(Kinkley et al., 2006, Tam et al., 2008, Kisilevsky and Manley, 2012).  

A vast range of alterations in lipid metabolism occurs during inflamma-
tion, including (I) redirection of lipoproteins to the site of injury (Kisilevsky 
and Subrahmanyan, 1992), (II) increased delivery of lipids to host-defending 
leukocytes (Hardardottir et al., 1994), (III) binding-inhibition of viruses and 
toxic microbial products such as LPS (Sernatinger et al., 1988, Pajkrt et al., 
1996), and (IV) lysis of parasites (Hajduk et al., 1989). These are efficient 
countermeasures taken to ensure the survival of the organism, but they are 
also disturbances of the normal lipid metabolism, one of them being reduced 
RCT (Esteve et al., 2005). If the inflammation is not resolved and becomes 
chronic, the beneficial properties of the lipid acute phase response becomes 
harmful, increasing the risk for cardiovascular diseases caused by the ham-
pered RCT (Wallberg-Jonsson et al., 1996), increased lipid accumulation 
inside macrophages resulting in foam cell formation along vascular walls, 
and subsequent development of atherosclerosis (Esteve et al., 2005). 

Another lipid-associated consequence of chronic inflammation is the devel-
opment of Amyloid A (AA) amyloidosis caused by the aggregation of SAA 
fragments into amyloid fibrils (Cunnane, 2001, Merlini and Westermark, 
2004). This amyloid is normally formed in kidney, spleen and liver, leading to 
proteinuria, subsequent progressive renal dysfunction and finally degeneration 
of the kidney (Lachmann and Hawkins, 2006, Lachmann et al., 2007). The 
cause of SAA amyloid formation is unknown and even though the disease is 
associated with high levels of plasma SAA it is still only a fraction of the pa-
tients with chronic inflammation that develops the disease. This suggests that 
additional factors are important for facilitating the formation and accumulation 
of AA. HS has been found to be extensively associated with AA amyloid de-
posits both via direct structural interaction and by observed local upregulation 
of HSPGs around amyloid deposits (Snow and Kisilevsky, 1985, Snow et al., 
1987a). Furthermore, HS can dissociate SAA from the HDL particle, depend-
ent on a minimal HS chain length of 12-14 monosaccharides units (Noborn et 
al., 2012). The interaction between HS and SAA has been found to be pH-
sensitive, occurring only at mildly acidic conditions, around pH 5 (Elimova et 
al., 2009, Noborn et al., 2012).  



 33 

Taken together, these studies suggests HS as an essential factor in the de-
velopment of AA amyloidosis as well as a potential receptor for HDL-SAA 
during inflammatory-associated cholesterol transport. 

5.3 Alzheimer’s disease (AD) 
Age-related diseases have increased in frequency as a result of the increased 
human life expectancy. Among these, dementia is the biggest threat to a 
contended life in old age and an economical burden on society (Suzman and 
Beard, 2011). The most common form of dementia is Alzheimer´s disease 
(AD), a progressive neurodegenerative type of disease of the central nervous 
system that leads to impaired cognitive function of the memory, orientation 
and rational thinking, hence accompanied with drastic changes in behaviour 
(van Horssen et al., 2003, Skaper, 2012). The underlying pathology of AD 
includes (I) extracellular amyloid senile plaque deposition, (II) neurofibrilla-
ry tangles (NFTs) of hyperphosphorylated microtubule associated protein 
Tau (MAPτ) in nerve cell soma and dendrites, and (III) cerebral amyloid 
angioapathy (CAA) (Zhang and Li, 2010).  

The main component of both senile plaque and CAA is Aβ peptide, gen-
erated from the AFP Aβ precursor peptide (AβPP), a large transmembrane 
glycoprotein. AβPP is processed in two steps to generate Aβ peptide. Initial-
ly, the enzyme β-secretase (BACE1) cleaves off a soluble extracellular 
fragment of AβPP. The remaining membrane-anchored Aβ domain is subse-
quently released into the ECM by γ-secretase, mainly as peptides of 40 or 42 
amino acid residues (Aβ40, Aβ42)(Skaper, 2012).  

MAPτ is normally involved in stabilizing the microtubule structures in-
side neurons. However, following abnormal phosphorylation, MAPτ dissoci-
ates from the microtubule structure and aggregates into paired helical fila-
ments leading to neuronal inactivity and cell death (Johnson and Bailey, 
2002). 

Neuroinflammation is a common feature of the neurodegenerative disease 
Alzheimer’s disease (AD)(Akiyama et al., 2000). Because of the disastrous 
consequences of severe inflammation in the brain, with neuron death and 
functional derangement, the brain holds several anatomic features to impair 
initiation of adaptive immunity towards antigens, including: (I) reduced dia-
pedesis and delivery of inflammatory mediators via the brain microvascula-
ture (the so called blood-brain barrier (BBB)), (II) absence of conventional 
lymphatic drainage and a low level of antigen-presentation, and (III) a high 
expression of anti-inflammatory mediators and receptors (Abbas et al., 
2012). The local leukocytes of the brain includes microglia and astrocytes 
that are activated during inflammation and work together with recruited vas-
cular monocytes that migrate across the BBB and mature into activated mac-
rophages (Nakanishi, 2003, Town et al., 2005, Gate et al., 2010). The acti-
vated leukocytes secrete various inflammatory mediators, in the form of 
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cytokines, chemokines and proteolytic enzymes. However, the underlying 
mechanisms of neuroinflammation and their implications on AD are not 
fully understood. Accumulated data indicate a crucial role of neuroinflam-
mation in AD as a disease-promoting factor (Heneka et al., 2015). Aβ amy-
loid deposition causes chronic activation of the innate immune system and 
impairment of microglial clearance functions. In contrast, there is also evi-
dence showing that activation of microglia and infiltration of vascular mon-
ocytes contributes to Aβ amyloid clearance through phagocytosis (Zuroff et 
al., 2017). Additionally, inhibition of anti-inflammatory pathways in mouse 
models has been shown to induce Aβ amyloid resolution (Guillot-Sestier et 
al., 2015). 

Similar to other amyloid diseases, HS has been shown to be highly asso-
ciated with Aβ amyloid deposits in AD, including senile plaques, vasculature 
deposits and NFTs (Zhang and Li, 2010). The role of HS during AD devel-
opment is not clear, but studies have implicated HSPGs in facilitating amy-
loid plaque formation (Castillo et al., 1997, Castillo et al., 1998, Cotman et 
al., 2000), and inhibiting Aβ degradation (Biroc et al., 1993, Gupta-Bansal et 
al., 1995). HS/HSPG and heparin have also been shown to be involved in the 
processing of AβPP into Aβ, by affecting the action of BACE1 (Leveugle et 
al., 1997, Scholefield et al., 2003, Cui et al., 2011). A recent study of our 
group using human AβPP (with a Swedish mutation) overexpressing mice 
(tgSwe) that also overexpress heparanase (tgHpa*Swe) supported the role of 
HS as a promoter of Aβ plaque formation, as the increased heparanase-
mediated fragmentation of HS resulted in inhibition of plaque formation 
compared to the tgSwe mice not overexpressing heparanase (Jendresen et al., 
2015). 
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Present investigations 

Paper I 
Aim 
The aim of the study was to examine the effect of heparanase overexpression 
in a collagen-induced murine model for RA. 

Background 
The participation of HS in inflammatory processes has been extensively 
demonstrated, ranging from the initiation process, homing and extravasation 
of leukocytes, to regulation of the local inflammatory response at the site of 
injury and final resolution of inflammation (Goldberg et al., 2013, Kumar et 
al., 2015). Structural alteration of HS by heparanase overexpression is 
known to affect the interaction of HS with its ligands, thus our heparanase 
overexpressing (Hpa-tg) mice are excellent tools for studying the various 
inflammatory-related functions of HS. 

When the Hpa-tg mouse was used in an acute inflammatory model by in-
jection of bacterial cytotoxic LPS, leukocyte transmigration was shown to be 
impaired compared to control mice (Massena et al., 2010). A similar out-
come was observed when we applied the same model to study neuroinflam-
mation in Hpa-tg mice, displaying a decreased recruitment of leukocytes to 
the site of inflammation (Zhang et al., 2012). In contrast, a chronic inflam-
matory ulcerative colitis model and a lung sepsis model demonstrated a pro-
inflammatory effect of heparanase linked to the pro-inflammatory mediator 
TNFα (Lerner et al., 2011, Schmidt et al., 2012). Our data also indicate a 
pro-inflammatory interactive relationship between TNFα and heparanase 
overexpressing synovial fibroblasts. As TNFα-mediated inflammatory 
mechanisms play an essential role in RA pathology, these data are of great 
interest. 

Results and discussion 
The demonstrated increase of heparanase activity in the synovium of RA 
patients prompted us to investigate the role of heparanase in RA pathology 
(Li et al., 2008). We utilized an established inducible model of RA, modified 
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for C57Bl/6 mice, through injections of chicken collagen together with com-
plete Freund´s adjuvant (CIA), using our Hpa-tg mice together with wildtype 
(WT) control mice. C57Bl/6 mice that were previously believed to be re-
sistant to CIA, gave an incidence around 50% with the modified CIA proto-
col. Clinical data demonstrated no significant difference in incidence be-
tween the two groups. However, the severity of observed RA symptoms was 
higher and seemed to appear earlier in the Hpa-tg mice. The average clinical 
score was 32 among the 6 Hpa-tg mice that developed symptoms, compared 
to an average score of 12 in the WT mice. The clinical scores correlated well 
with the severity of inflammatory processes on the cellular level, where the 
mouse with highest score displayed the highest degree of cell infiltration and 
bone destruction in afflicted joints. 

Examination of cells from thymus, spleen and lymph nodes revealed in-
creased innate and adaptive immune responses of the Hpa-tg mice, reflected 
by increased proportions of macrophages, antigen presenting cells and 
plasmacytoid dendritic cells as well as Helios-positive CD4+ and CD8+ T 
cells. Extensive studies have pointed out T-cells as being central in RA pa-
thology. T-cells have been found to comprise 30-50% of the cells present in 
the synovium of RA patients (Bartok and Firestein, 2010). We observed an 
essentially equal proliferation of splenic lymphocytes from Hpa-tg and WT 
mice, with or without T-cell-stimulating ConA. However, splenic lympho-
cytes isolated from CIA-induced mice revealed a higher proliferation poten-
tial in Hpa-tg mice, indicating a role of T-cells in generating the more severe 
symptoms observed in Hpa-tg CIA mice as well as supporting a pathological 
role of T-cells in RA.  

In conclusion, our results confirm a disease-contributing role of hepara-
nase expression in a murine model of RA providing novel insights into the 
mechanisms of the human variant of the disease. The heparanase-dependent 
upregulation of symptoms is, at least to a degree, brought on by an enhanced 
TNFα and T-cell activity. Consequently, these results indicate the possible 
therapeutic effect of using heparanase-inhibiting agents to reduce the de-
structive inflammatory processes raging in RA.  

Paper II 
Aim 
The aim of the study was to investigate the mechanism responsible for HS-
mediated dissociation of acute phase HDL-SAA particles as well as to iden-
tify the apolipoproteins involved. 
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Background 
HS has been found to play a critical role in the formation of many different 
forms of amyloid. Experimental models have helped to uncover an extensive 
association between HS and the systemic amyloidogenic plasma protein 
serum amyloid A (SAA) (Zhang and Li, 2010). SAA is an acute-phase pro-
tein, normally associated with cholesterol transporting high-density lipopro-
tein (HDL) particles, that can aggregate into amyloid fibrils that is deposited 
mainly in kidney, liver and spleen giving rise to the progressive disorder AA 
amyloidosis (Westermark et al., 2015). The deposition of SAA is partly ex-
plained by its dramatic upregulation in response to pro-inflammatory cyto-
kines, increasing its concentration in blood by a 1000-fold (Gabay and 
Kushner, 1999). AA amyloidosis is highly associated with chronic inflam-
matory conditions where the concentration of SAA remains high. However, 
the large majority of people with chronic inflammation does not develop the 
disease, prompting the question as to what other factors are needed for dis-
ease progression.  

Early studies revealed an HS/heparin-binding motif in SAA. The interac-
tion of SAA and HS/heparin was later found to result in AA aggregation at 
mildly acidic pH (Elimova et al., 2009). Recent in vitro studies have further 
investigated the efficiency of HS to facilitate AA fibril formation from 
SAA1.1 and different regions of the SAA peptide (Egashira et al., 2011, 
Aguilera et al., 2014). Our recent investigation uncovered a size-dependable 
ability of HS/heparin to dissociate SAA from the HDL-SAA particle 
(Noborn et al., 2012). This study theorized that dissociation of HDL-SAA 
can only be catalyzed by a simultaneous binding between HS/heparin and 
two other apolipoproteins.  

Except for SAA, another possible candidate for being involved in the dis-
sociation process is apolipoprotein A1 (ApoA1). ApoA1 is a plasma 
apolipoprotein composing the major protein part of HDL, which is involved 
in reverse cholesterol transport from the periphery to the liver. The level of 
apoA1 in plasma is inversely associated with the occurrence of atherosclero-
sis, and this function is impaired in carriers of mutations in apoA1 
(Holleboom et al., 2013). Several mutations in the apoA1 gene have been 
identified, and the corresponding mutant proteins are associated with abnor-
mal aggregation of the protein and amyloidosis (Mangione et al., 2001). 
Recent studies have provided evidence that mutant apoA1 interacts with cell 
surface HS (Kuwabara et al., 2015). 

Results and discussion 
To find out whether heparin, apart from SAA, also interacts with apoA1, 
samples of HDL-SAA were incubated with heparin for 0-6 hours followed 
by a centrifugation step. Separation with SDS-Urea-PAGE followed by 
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Coomassie blue staining revealed that incubation of HDL-SAA in the pres-
ence of heparin at a mild acidic condition (pH5.0) resulted in dissociation of 
both apoA1 and SAA. The dissociation already occurred at the 0 incubation 
time point, indicating a rapid interaction of the polysaccharide with the 
apolipoproteins. However, apoA1 and SAA displayed a different time-
dependent pattern. Since SAA was completely precipitated after incubation 
of 1 h, in subsequent experiments, all incubations were carried out for 1 h.  

To determine whether heparin was co-precipitated with the apolipopro-
teins, the SDS-PAGE gels were stained with Alcian blue (staining of sulfat-
ed glycosaminoglycans, e.g. heparin) followed by silver staining to increase 
the intensity. Indeed, positive staining for heparin was seen in the pellet frac-
tions indicating co-precipitation of heparin with the lipoproteins. Due to 
observed excess of unbound heparin we performed a dose-dependent incuba-
tion where both 5 and 50 µg/ml heparin was shown to precipitate both SAA 
and ApoA1, where a major portion of SAA was lost from the supernatant 
fraction in 50 µg/ml heparin incubations, but only a minor part of ApoA1. 
Additionally, a significant portion of SAA was unaccounted for in the 50 
µg/ml heparin incubations, indicating formation of insoluble SAA aggre-
gates.  

Next, we examined the effect of heparin chain length on the dissociation 
of the apoA1 and SAA from the lipoprotein particles. SDS-PAGE analysis 
of the incubation products revealed a pattern that displayed an increased 
dissociation of the apolipoproteins with an increase in heparin chain length. 
Notably, though the apoA1 dissociation was increased with the increase in 
heparin chain length, it seems that the oligomers of 12-sugar units had a 
capacity comparable to native heparin (average 50 sugar units). In contrast, 
dissociation of SAA was 40% in samples incubated with the 12-mers, and 
increased further to 60% when incubated with the native heparin.  

The simultaneous and almost proportional dissociation of apoA1 and 
SAA from HDL suggest that the two proteins might be located closely to one 
another in the lipoprotein particles. This was examined by MS analysis of 
the digested peptides following chemical crosslinking. Multiple crosslinks 
between apoA1 and SAA were detected, suggesting that domains in SAA 
and apoA proteins are located very close to each other (within 25 Å) in the 
HDL particles and possibly interact as well. 

In summary, our data provides experimental evidence for the molecular 
interaction of apoA1 and SAA with heparin and reveals close proximity of 
apoA1 and SAA in the HDL-SAA particle. Though both apoA1 and SAA 
interact with heparin, they also appear to have distinctive individual features 
in this interaction. 
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Paper III 
Aim 
The aim of the study was to investigate how the absence of heparanase af-
fected amyloid resolution in a murine model of AA amyloidosis. 

Background 
Extracts of amyloid-containing tissue, denoted amyloid enhancing factor, 
(AEF), can be used to induce AA amyloidosis in mice (Kisilevsky et al., 
1995). An intravenous injection of the AEF in combination with inflammato-
ry stimulation, e.g. subcutaneous injection of silver nitrate, prompts a rapid 
process of amyloid deposition in the spleen and liver within 36-48 hours 
(Axelrad et al., 1982). The amyloid deposits subsequently gradually regress 
to a point where they can no longer be detected, through a process of amy-
loid clearance (Hawkins and Pepys, 1990). This process was shown to in-
volve formation of anti-AA autoantibodies and Fc-mediated phagocytosis 
(Nystrom and Westermark, 2012).  

Accumulated data have shown that the development of AA-amyloidosis is 
dependent on cellular HS (Snow et al., 1991, Ancsin and Kisilevsky, 2004, 
Li et al., 2005). Our group previously demonstrated that overexpression of 
heparanase attenuated the development of AEF-induced AA-amyloidosis(Li 
et al., 2005), validating the essential role of HS in SAA deposition. The ra-
tionale of the phenomenon is that an increased concentration of heparanase 
leads to production of shorter fragments of HS, which are unable to form 
complex with and induce aggregation of SAA.  

Results and discussion 
With this in mind, we anticipated that our mice lacking heparanase (Hpa-
KO), would facilitate an increased rate and degree of amyloid deposition, as 
well as hampered amyloid clearance, as a result of non-degraded longer HS 
chains (Zcharia et al., 2009). To investigate this, Hpa-KO and C57Bl/6 (WT) 
mice were subjected to the inducible model of AA-amyloidosis, by intrave-
nous injection with 100 µg of AEF followed by subcutaneous injection of 
0.2 ml 1% silver nitrate. Spleen, kidney and liver were collected for exami-
nation of amyloid deposits 7, 10, 21, 42 and 72 days post induction (DPI). 
Unexpectedly, Congo red staining of the organs collected 7 DPI displayed 
similar amounts of amyloid when compared between Hpa-KO and WT mice, 
in all three organs. The spleen contained substantial amounts of amyloid 
compared to moderate amounts in the liver and essentially no amyloid in the 
kidney. The organs collected 10-72 DPI were utilized for evaluation of amy-
loid resolution. Surprisingly, Hpa-KO mice exhibited increased rate of amy-
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loid clearance compared to WT mice. Spleens from both groups, collected 
42 and 72 DPI, lacked Congo red positive signals. However, Hpa-KO 
spleens collected 10 and especially 21 DPI, displayed substantial decrease of 
Congo red positive staining compared to WT. Immunostaining of SAA in 
spleens collected 14 DPI, in comparison with Congo red staining, revealed, 
in addition to decreased amount of staining in Hpa-KO, a differential locali-
zation of non-fibril SAA and fibril SAA. The Congo red positive SAA was 
localized to the perifollicular areas of the spleen while anti-SAA staining 
was more diffusely distributed. Immunoblotting of the splenic amyloid, ex-
tracted overnight in 5% SDS at 60°C, revealed, again, seemingly weaker 
staining of SAA in Hpa-KO. However, comparable intensity of staining was 
found in the soluble samples of the splenic lysates, indicating rapid metabo-
lism of SAA following fibril degradation.  

To explain the difference in amyloid resolution between the two groups, 
the spleens and livers were analyzed by immunostaining as well as im-
munoblotting for expression of matrix metalloproteinases (MMP) 2 and 9. 
Indeed, increased expression of MMP-2 and -9 were detected in Hpa-KO 
mouse spleen and liver, respectively. Finally, AEF degradation by MMP-9 
was confirmed by SDS-PAGE analysis of incubated samples, to validate role 
of MMPs in the process of amyloid clearance. 

 Together, the results suggest there exists a co-regulating mechanism be-
tween the proteases and heparanase in the ECM to ensure continuous home-
ostasis during various challenges. Such a dynamic mechanism could explain 
the clinically observed ability of organs to evade build up of damaging levels 
of SAA spawned amyloid deposits during periods of persistently high plas-
ma levels of SAA found in patients with chronic inflammation. Hence, 
MMPs and heparanase could potentially serve as prognostic markers in pa-
tients suffering from AA amyloidosis. 

Paper IV 
Aim 
The aim of the study is to examine the role of heparanase expression in re-
solving/clearance of deposited Aβ in a mouse model of AD combined with 
an inflammation model induced by LPS-stimulation. 

Background 
Examination of brains from patients with Alzheimer’s disease (AD) and 
mice overexpressing amyloid β precursor protein (AβPP-tg), has shown col-
ocalization of HS and HS proteoglycans (HSPGs) with Aβ amyloid deposits 
(Snow et al., 1987b, O'Callaghan et al., 2008, Lord et al., 2011). HS/HSPGs 
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have additionally been found to promote formation of Aβ plaques (Castillo 
et al., 1997, Cotman et al., 2000) and inhibit its degradation (Biroc et al., 
1993, Gupta-Bansal et al., 1995). In a previous study of our group, a double 
transgenic mouse was generated by crossing the Hpa-tg mouse with an AD 
mouse model, overexpressing a human AβPP gene with a Swedish mutation 
(tgSwe)(Citron et al., 1992). The results showed that overexpression of hepa-
ranase in this mouse significantly lowered Aβ burden in the tgSwe mice. The 
suggested explanation of the phenomenon is that an enhanced fragmentation 
of HS by heparanase inhibits HS-promoted Aβ aggregation (Jendresen et al., 
2015). 

Neuroinflammation is a common feature of the neurodegenerative disease 
Alzheimer’s disease (AD)(Akiyama et al., 2000). Local leukocytes include 
microglia and astrocytes that are activated during inflammation and work 
together with recruited vascular monocytes that migrate across the BBB and 
mature into activated macrophages (Nakanishi, 2003, Town et al., 2005, 
Gate et al., 2010). The activated leukocytes secrete various inflammatory 
mediators, in the form of cytokines, chemokines and proteolytic enzymes. 
However, the underlying mechanisms of neuroinflammation and their impli-
cations on AD are not fully understood. A paradox seems to exist in neuroin-
flammation. The amyloid deposits in AD seem to activate the inflammatory 
response, resulting in activation of immune cells that have the ability of 
clearing away the amyloid, thus amyloid deposits facilitate their own clear-
ance (Bates et al., 2009, Solito and Sastre, 2012). A recent study of our 
group employed Hpa-tg mice to study the role of HS in neuroinflammation 
using an acute inflammatory model where mice were injected with bacterial 
cytotoxic lipopolysaccharide (LPS)(Zhang et al., 2012). Heparanase overex-
pression was shown to reduce the neuroinflammatory response and inhibit 
the recruitment of monocytes by an impaired ability of the cells to transmi-
grate through the BBB. Furthermore, clearance of Aβ-amyloid injected into 
the brain was attenuated in Hpa-tg mice.  

Together, these data suggests both pro-AD and anti-AD functions of HS 
and heparanase, where disease-promoting functions of HS seems more 
prominent, and vice versa for its degrading enzyme. 

Results and discussion 
In light of the hampered clearance of Aβ in Hpa-tg mice when using an arti-
ficial model of Aβ deposition, we wanted to further investigate this phenom-
enon in a mouse model with endogenous deposition of Aβ. The transgenic 
mouse model generated in our earlier study, overexpressing both Hpa and 
AβPP (tgHpa*Swe), was therefore utilized to study the role of heparan sul-
fate in neuroinflammation, and its implication in Aβ plaque formation and 
inflammatory-mediated clearance. The double-transgenic tgHpa*Swe mice 
and mice expressing only AβPP (tgSwe) were subjected to intra-peritoneal 
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injections of LPS at the age of 13.5 months; an age when the mice have a 
considerate amount of deposited amyloid. The mice were then sacrificed 1.5 
months post-injection to collect the brains. One half of the brain was fixed 
and used for histology staining of amyloid deposits, and the other half was 
homogenized for biochemical analysis of Aβ and inflammatory markers. 

Quantification of cerebral cortex immunohistochemical staining of the 
main component of Aβ-burden: Aβ1-40 (Philipson et al., 2009), revealed a 
trend towards decreased Aβ-burden in LPS-treated tgSwe mice compared to 
vehicle-treated tgSwe mice. This trend was not observed in tgHpa*Swe mice 
that are known from our previous study to develop less amyloid than the 
tgSwe mice already under naïve conditions (Jendresen et al., 2015). Further 
analysis of total amyloid burden by Congo red staining revealed a significant 
LPS-induced decrease in the tgSwe mice, and again, this was not seen in the 
tgHpa*Swe mice. Quantification of cerebral amyloid angioapathy (CAA) did 
however not show any significant differences due to LPS-treatment, in either 
group. 

ELISA quantification of different types of amyloid, based on solubility, 
revealed a LPS-induced decrease of formic acid (FA) and SDS-soluble Aβ in 
tgSwe mice. In addition, the tween-soluble Aβ of LPS-treated tgSwe mice 
increased. Together, indicating a LPS-stimulated resolution of the deposited 
Aβ plaque. A similar pattern was seen when investigating the effect of hepa-
ranase on Aβ-solubility, with less formic acid (FA) and SDS-soluble Aβ and 
a higher ratio of tween-soluble Aβ to total Aβ. Thus, indicating a hampered 
ability of HS to facilitate Aβ plaque formation, leading to an accumulated 
amount of non-fibrillar soluble Aβ. 

As a mean to understand the observed pattern of amyloid deposition in 
the different groups of mice, we examined the levels of inflammatory cyto-
kines in the brain lysates. Even though the levels of most cytokines were 
increased in the LPS-stimulated tgHpa*Swe mice compared to vehicle-
treated tgHpa*Swe mice, overall lower levels of cytokines were found in 
both groups of tgHpa*Swe mice. This impaired inflammatory response is in 
agreement with previous observations of impaired microglial response in 
tgHpa mouse brain (Zhang et al., 2012, O'Callaghan et al., 2015). 

A model of “macrophage colony-stimulating factor (M-CSF) resistance” 
has been proposed, where sufficient production of pro-inflammatory cyto-
kine granulocyte macrophage colony-stimulating factor (GM-CSF), in com-
bination with IFN-gamma or LPS stimulation, will interfere with the consti-
tutively expressed non-inflammatory signals by M-CSF and result in pro-
inflammatory M1-phenotypic polarization of macrophages. Hence, a ratio 
between GM-CSF and M-CSF can be used to evaluate the inflammatory 
status of the brain, where an increased ratio correlates with increased severi-
ty of inflammation. Here, tgSwe mice exhibited a two-fold higher ratio of 
GM-CSF/M-CSF than WT and tgHpa*Swe mice in the vehicle-treated 
groups. This indicates that the increased amyloid burden of the tgSwe mice 
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fueled a chronic type neuroinflammation. This is in agreement with the low-
ered ratio in the LPS-treated tgSwe mice, where the amyloid burden was 
reduced. 

All together, this study illustrates the implications of heparanase in in-
flammation-associated Aβ clearance. Together with our previous studies 
within this line, we are able to conclude that heparan sulfate and heparanase 
play pivotal roles in the Aβ pathology of Alzheimer’s disease. 
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Concluding remarks and future perspectives 

Collectively, HS and heparanase play a significant role in all facets of in-
flammation, from the initiation process, homing and extravasation of leuko-
cytes, to the regulation of the local inflammatory response at the site of inju-
ry and the final resolution of inflammation. These processes are of great 
importance in the disorders that are the subject of this thesis (RA, AA-
amyloidosis and AD). After a century of substantial advancement in medical 
science and modernized living conditions, these disorders remain incurable, 
and are continuously becoming more prevalent in an ageing world popula-
tion. This section aims to highlight potentially causative factors of these 
modern-day inflammatory diseases, as to identify key inflammatory mecha-
nisms to target for future HS/heparanase research. 

The modern-day inflammatory diseases 
Inflammation occurs frequently throughout our body in a highly controlled 
manner to fend of environmental challenges threatening our existence. It is 
an essential mechanism of our body. The consequence of potentially patho-
logical inflammatory reactions is therefore an acceptable risk from an evolu-
tionary perspective. In contrast, it can often be unacceptable and life threat-
ening, from an individual’s perspective, when inflammatory processes be-
come pathological. The list of inflammation-related pathological conse-
quences is long, including well known disorders such as cancer, Alzheimer’s 
disease, cardiovascular disease, diabetes, rheumatoid arthritis, sepsis and 
amyloidosis. Many of the inflammation-associated diseases are also inter-
connected, as demonstrated by a tendency of patients to develop multiple 
diseases simultaneously (Fabbri et al., 2015). The logical question is thus: 
How is inflammation regulated?  

The inflammatory response is controlled by leukocytes of the immune 
system and the local tissular cells, through their production of inflammatory 
mediators and expression of inflammation-associated receptors. However, 
under most circumstances, these cells only respond as long as they are stimu-
lated by danger molecules: PAMPs and DAMPs. Such stimulation is a re-
quirement for an inflammatory response, since the body is always trying to 
maintain a state of homeostasis, which promotes survival, and even though 
inflammation is beneficial in response to infections and tissue damage, it is 
also harmful to our body. Hence, the body will only sustain inflammatory 
processes as long as it is necessary for survival. Consequently, when the 
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danger molecules are removed, the inflammation will succumb to the anti-
inflammatory pressure and the tissue will return to homeostasis. Hence, ex-
cept for cases with genetic defects in proteins of the inflammatory signaling 
pathways (Rigante et al., 2016), persistent (or chronic) inflammation is a 
result of the body’s inability to remove the underlying cause of danger mole-
cule production. 

Since the industrial revolution, humans have developed a lifestyle very 
different from the one that were instrumental in our evolutionary develop-
ment. We are now exposed to a large number of new causative agents for 
injuries and danger molecule production. Genes that are evolutionary con-
served to protect us from starvation, infection, injury and predation may 
now, in a lifestyle void of these challenges, contribute to the development of 
low-grade chronic inflammation-related diseases (Kotas and Medzhitov, 
2015). The modern lifestyle includes changes in (I) diet, (II) hygiene, (III) 
chemical exposure, and an (IV) ever-increasing life expectancy brought on 
by an advanced healthcare and improved living conditions.  

(I) Our diet has since before the agricultural age changed from wild plants 
and animal foods into a diet where 72% of the total energy consumed comes 
from refined sugars, refined vegetable oils, highly processed cereals, dairy 
products and a high consumption of alcohol (Ilich et al., 2014). The modern 
diet in combination with our gut microbes, contributes to constant low-grade 
chronic inflammation associated with the development of numerous disor-
ders, such as obesity, diabetes, cardiovascular disease, autoimmune disorders 
as well as inflammatory intestinal diseases such as inflammatory bowels 
disease and colon cancer (Ilich et al., 2014, Breithaupt, 2014).  

(II) Exposure to microbes early on in life is important to acquire an opti-
mized balance between immune host defence and tolerance. Dysregulation 
of this balance, due to improved hygiene, has been linked to increased sus-
ceptibility to allergies and inflammatory diseases (Stefka et al., 2014). 

(III) Following the industrial revolution, humans were introduced to ex-
posure by many new, potentially harmful, chemicals. However, an agent of 
exposure, introduced to humans far earlier, has through its addictive nature 
today become the greatest contributor to the development of inflammatory-
associated diseases: tobacco. Tobacco smoking is the leading cause of pre-
ventable death worldwide with an estimated 6 million annual deaths (Warren 
et al., 2014). 

(IV) Advancement in medicine and improved living conditions has re-
sulted in an ageing world population (Niccoli and Partridge, 2012). Func-
tionality of many bodily processes decreases with age, thus causing homeo-
static imbalance leading to the development of diseases, such as cancer, car-
diovascular disease and neurodegeneration. The loss of functions is believed 
to be a result of an evolutionary trade-off between reproducibility and life 
expectancy (Williams, 1957). George C. Williams theorized that organisms 
with shorter live spans had a higher probability for increased numbers of 
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offspring. Neurodegenerative diseases such as Alzheimer’s disease is be-
coming increasingly common in the ageing world population and represent a 
dreaded situation where death is preceded by a gradual loss of the essence of 
being (Wyss-Coray, 2016). To date, there are no drugs available to halt the 
disease progression and only a few drugs available for treating the symptoms 
of the disease (Islam and Tabrez, 2017). Hence, there is a great demand for 
an increased understanding of the disease progression, especially regarding 
the age-induced loss of functions, and development of novel therapeutics. 

The modern lifestyle has indeed replaced previous detrimental diseases 
with new modern inflammatory-related pathologies, associated with the im-
mune system, gut microbes, chemical exposure and pathways of cellular 
maintenance. A multifaceted molecule like HS, highly involved in all those 
aspects, undoubtedly makes an interesting target for future research, together 
with its degrading enzyme heparanase.  
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Populärvetenskaplig sammanfattning 

Heparansulfat (HS) är en ogrenad sulfaterad kolhydratkedja, som tillsam-
mans med det HS-nedbrytande enzymet heparanas, har en viktig roll i fysio-
logiska och sjukdomsrelaterade processer under alla stadier i livet. Från ägg-
cell till ålderns höst. Under en livstid genomgår kroppen prövningar från 
både omgivning och eventuella brister i arvsmassan. Vårt första försvar mot 
skada består av en immunovaskulär process: inflammation. När denna pro-
cess inte kan stängas av och fortgår i en kronisk inflammation, tar kroppen 
skada, vilket leder till utveckling av olika sjukdomar. Kumulativ data visar 
att HS och heparanas är inblandade i olika aspekter av sådana sjukdomar, 
t.ex. vid ledgångsreumatism. 

I detta arbete har jag undersökt vilken roll HS och heparanas spelar i olika 
inflammationsrelaterade sjukdomar med hjälp av möss som antingen över-
producerar (Hpa-tg) eller saknar produktion (Hpa-KO) av heparanas. 

I mitt första projekt använde vi en musmodell för att skildra sjukdomsför-
loppet i reumatisk artrit (RA) i Hpa-tg möss. Vi fann en pro-inflammatorisk 
roll för heparanas som ledde till ökad aktivitet hos olika immunceller, bl.a. T 
celler, neutrofiler och antigen-presenterande celler. Detta i sin tur gjorde att 
de kliniska symptomen av RA blev värre bland Hpa-tg-mössen. 

Serum amyloid A (SAA) är ett protein som finns i högdensitetslipoprotein 
(HDL)-partiklar och deltar i kolesteroltransport, både under inflammation 
och vid sjukdomen AA-amyloidos. Vid AA-amyloidos tappar SAA sin na-
turliga form, klumpar ihop sig till olösligt plack, s.k. amyloid, upplagras i 
mjälte, njure och lever och leder i värsta fall till organsvikt och döden. I mitt 
andra arbete fann vi att heparin kunde binda de två HDL-proteinerna SAA 
och ApoA1, samtidigt, och våra resultat tydde på att SAA och ApoA1 befin-
ner sig nära varandra i HDL-partikeln. I mitt tredje arbete observerade vi att 
ansamlingen av amyloid i mjälte hos möss med AA-amyloidos snabbare 
löstes upp hos möss som saknade heparanas. Detta sammanföll med ökad 
mängd matrix-metalloproteinaser (MMP), vilket indikerade att heparanas 
och MMP arbetar tillsammans för att lösa upp amyloid. 

I mitt fjärde arbete undersökte vi hur Hpa och HS påverkar beta amyloid 
(Aβ) i en musmodell av Alzheimer’s sjukdom (AD) med överproduktion av 
en sjuklig variant av proteinet (AβPP), den så kallade ”svenska mutationen” 
(tgSwe). Vi fann att kronisk inflammation gjorde att ansamlat Aβ amyloid i 
hjärnan hos tgSwe-mössen löstes upp snabbare. Detta gällde inte möss som 
överproducerade både AβPP och Hpa (tgHpa*Swe). Efterföljande analys av 
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inflammatoriska cytokiner visade att tgHpa*Swe mössen generellt sett hade 
mindre inflammation. Sammanfattningsvis ledde alltså Hpa-överproduktion i 
en musmodell av Alzheimer’s sjukdom till minskad inflammation och att 
mer Aβ amyloid stannade kvar i hjärnan. 
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