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Abstract

Among the hundreds of ligands for heparan sulfate (HS) are chemokines, cytokines,
and growth factors, giving this proteoglycan a potentially central role in the
regulation of immune responses. The biosynthesis of HS is regulated during
inflammation with consequent changes to ligand binding and activity in multiple cell
types including myeloid cells. In this thesis, I aimed to comprehensively describe the
changes in expression of HS core proteins and biosynthetic enzymes in human
primary monocytes and polarised monocyte-derived macrophages, and to investigate
the contribution of HS proteoglycans to macrophage functions. Using a custom-
designed microfluidic array card, I performed transcriptome analysis of HS-
associated gene expression and discovered significant changes at all stages of
macrophage maturation and polarisation, revealing that maturation is associated with
increased capacity for HS biosynthesis and that pro- and anti-inflammatory
macrophages have substantially different HS composition. Of particular interest was
the reciprocal regulation observed between the 6-O-sulfotransferase (HS6ST7) and
its functional partner the sulfatase (SULF2), which add and remove the 6-O-sulfate
group to HS chains, respectively. Using siRNA knockdown of HS6ST! in monocyte-
derived macrophages to ablate 6-O-sulfation of HS, I determined that this
modification does not contribute to phagocytosis or migration. Moreover, its absence
did not affect macrophage polarisation, whereas total sulfate ablation using sodium
chlorate did, suggesting that sulfate modifications at other positions are more
important. HS6ST1 knockdown altered post-translational regulation of monocyte
chemoattractant protein 1 (MCP-1), indicating the 6-O-sulfate group of HS

modulates retention of this and potentially other mediators on the cell surface.
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Chapter 1: Introduction

1.1 Inflammation

Inflammation is the body’s defence mechanism against potentially harmful stimuli
such as tissue damage and pathogens, and serves to accelerate removal of the
stimulus and coordinate tissue repair. A network of soluble ligands and their
signalling pathways coordinates the inflammatory response, resulting in increased
vascular permeability, recruitment of immune cells, and ultimately repair of the
tissue (Libby, 2007). The combined action of myriad effector molecules in the
affected tissue leads to the signs we associate with inflammation: redness, swelling,

and pain (Hannoodee and Nasuruddin, 2021).

To initiate an inflammatory response, pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) are recognised by
pattern-recognition receptors (PRRs) such as the Toll-like receptors (TLRs), NOD-
like receptors (NLRs) and C-type lectins (Kumar et al., 2011). PAMPs are conserved
molecular patterns expressed by pathogens but not self cells, including bacterial
lipopolysaccharide, mucins, and viral nucleic acids (Zindel and Kubes, 2020).
DAMPs are cell components not accessible to receptors under homeostatic
conditions and are released by stressed or damaged cells due to loss of membrane
integrity and release of intracellular components, or are cryptic epitopes formed by

degradation of self components such as ECM molecules (Frevert et al., 2018).

PRRs are found on the cell surface and in the cytoplasm of non-immune cells such as

endothelial cells, and specialised immune cells resident in the tissue such as mast
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cells and dendritic cells (Janeway and Medzhitov, 2002). Signalling through these
receptors activates downstream pathways leading to upregulation of inflammatory
mediators such as cytokines and chemokines that promote leukocyte recruitment
(Takeuchi and Akira, 2010). Other bioactive mediators are released including
histamine and serotonin that regulate vasodilation and increase vascular
permeability, facilitating movement of fluid from the blood into the tissue
(Medzhitov, 2008). Activated endothelium becomes permissible to leukocyte
extravasation (Figure 1.1), a hallmark of inflammation directed by concentration
gradients of chemokines and beginning with a well-defined series of steps known as

the leukocyte adhesion cascade (Ley et al., 2007).

rolling firm adhesion
crawling

; ‘ ‘ ‘ diapedesis

integrins
-selectin S 4 ‘ chemokines |

0
A

Figure 1.1 Leukocyte recruitment and trafficking across the vessel wall.

Circulating leukocytes interact with the activated endothelial cells of post-capillary venules near the
site of inflammation via selectins and their carbohydrate ligands. This loose tethering facilitates
leukocyte rolling directed by concentration gradients of immobilised chemokines, which also activate
leukocyte integrins leading to arrest and firm adhesion. Leukocytes crawl towards the site of
inflammation along the luminal surface of the vascular endothelium then exit the vessel into the
inflamed tissue.

Leukocytes in the circulation are captured by endothelial cells via interactions
between selectins and various glycosylated ligands such as P-selectin glycoprotein
ligand-1 (PSGL1) (Moore et al., 1995) and heparan sulfate (Koenig et al., 1998). E-
selectin and P-selectin are upregulated by activated endothelial cells (Smith, 1993),

and L-selectin is constitutively expressed by leukocytes (Ivetic et al., 2019). This
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tethering of leukocytes by selectins facilitates rolling along the lumenal surface of
the endothelium where they encounter gradients of chemokines that activate
leukocytes and trigger inside-out signalling resulting in integrin activation.
Leukocyte integrins include LFA-1 (CD11a), expressed by neutrophils, monocytes,
and lymphocytes, and Mac-1 (CD11b) found mainly on neutrophils and monocytes
(Mitroulis et al.,, 2015). The binding of activated integrins to immunoglobulin
superfamily members such as ICAM1 and VCAMI on endothelial cells leads to
leukocyte arrest, firm adhesion, and crawling directed by the chemokine gradient
(Johnston and Butcher, 2002). Diapedesis from the vessel into the tissue requires that
the leukocyte breaches the endothelium, either between adjacent endothelial cells
(paracellular route) or through an endothelial cell (transcellular route), and then

crosses the basement membrane and pericyte sheath (Filippi, 2019).

Once recruited, leukocytes have various mechanisms to destroy invading pathogens,
including phagocytosis and digestion of unicellular organisms such as bacteria.
Effector molecules produced by innate immune cells include reactive oxygen species
(ROS), reactive nitrogen species, proteinase 3, cathepsin G, and elastase (Fang,
2004; Korkmaz et al., 2010). Since these effectors do not discriminate between
microbial and host targets, collateral damage to the host is unavoidable but can be
limited by timely resolution of the inflammatory response (Feehan and Gilroy, 2019;
Nathan, 2002). A return to homeostasis may not always occur, however, and failure
to resolve acute inflammation can lead to chronic inflammation, which underlies
many diseases (Nathan and Ding, 2010). Persistent immune activation occurs when

the injurious agent cannot be removed, such as with crystal arthritis (gout) or
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asbestosis (Franklin et al., 2016), or off-targeted responses directed against self-
antigens result in autoimmunity, such as in rheumatoid arthritis (Firestein and

Mclnnes, 2017).

1.2 Macrophages: essential coordinators of immune responses

Elie Metchnikoff first described a defensive role for cells that engulf foreign particles
and other cells, and named them ‘macrophage’, which in Greek means ‘big-eater’
(Gordon, 2016). Macrophages have important roles in coordinating the activities of
other immune cells by presenting antigen and secreting activating cytokines, and also
are essential for phagocytic clearance of pathogens and dead cells (Fujiwara and
Kobayashi, 2005). All tissues of the body contain resident macrophage populations
that act as sentinels and regulators of homeostasis, such as Kupffer cells in the liver,
Langerhans cells in the skin, and microglial cells in the brain (Epelman et al., 2014).
These tissue-resident macrophages are largely seeded before birth by embryonic
precursors deriving from the yolk sack or the foetal liver, and self-renew
independently of bone marrow hematopoietic stem cells (HSCs) (Guilliams et al.,
2013; Hashimoto et al., 2013). These cells are among the first line of defence against
potential invaders, detecting non-self molecules via PRRs and alerting other cells of

the immune system to the danger by secretion of cytokines.

Additionally, in the post-natal mammal there is a dynamic population of monocyte-
derived macrophages deriving from HSC progenitors in the bone marrow, which
circulate in the blood for a few days and constitute 4-10% of nucleated cells in the

blood (Coillard and Segura, 2019; Shi and Pamer, 2011). Under homeostatic
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conditions, monocytes can circulate and patrol tissues, fulfilling a sentinel role by
collecting antigen and carrying it to draining lymph nodes (Jakubzick et al., 2013).
During acute inflammation or infection, emergency myelopoiesis produces more
monocytes that are recruited locally via the leukocyte adhesion cascade and then
differentiate into macrophages to supplement the local tissue-resident population

(Murray and Wynn, 2011).

1.2.2 Polarisation of macrophages in vivo and in vitro

During recruitment to a site of inflammation, monocytes mature into macrophages
and acquire a phenotype appropriate to the nature of the immunological challenge on
the basis of signals in the microenvironment (Mosser and Edwards, 2008). Such
signals may include cytokines, PAMPs, DAMPs, and trigger the expression of
relevant effector molecules by macrophages (Atri et al., 2018). The acquisition of
specific protein and gene signatures in response to microenvironmental stimuli is
termed ‘polarisation’, and confers different functions including phagocytosis,
bactericidal activity, indirect activation of other immune cells via cytokine secretion,
and direct activation of adaptive immune cells by antigen presentation and co-

stimulation (Martinez et al., 2008).

Polarised macrophages have historically been classified into two groups, M1 and
M2, in parallel with the Th1/Th2 division in T cells (Mills et al., 2000). ‘Classically
activated” M1 macrophages were observed to develop in response to pro-
inflammatory cytokines such as IFN-y secreted by Thl cells during infection by

intracellular pathogens (Shapouri-Moghaddam et al., 2018). These cells have high
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antigen-presenting capacity, making them potent inducers of an adaptive immune
response, and secrete pro-inflammatory cytokines and anti-microbial products (Mills
and Ley, 2014). An ‘alternatively activated’ form of macrophage was later described
in response to the Th2 cytokines IL-4 and IL-13 produced in helminth infection and
named M2 (Loke et al., 2002). More recent classification systems recognise a
broader range of potential macrophage-polarising stimuli and multiple types of ‘M2’
or alternatively activated macrophage (Martinez and Gordon, 2014). According to
this newer classification system, IL-4 and IL-13, produced by Th2 cells, basophils,
eosinophils, and mast cells, produce a macrophage phenotype called M2a. A
different sort of non-classically-activated macrophage was classified as M2b: these
cells are polarised by exposure to immune complexes and LPS, produce high
amounts of IL-10 but low amounts of IL-12, and promote Th2 differentiation and
humoral response. The third category, M2c, develops in response to glucocorticoids
or IL-10, resulting in an immunoregulatory, pro-fibrotic phenotype (Figure 1.2A)
(Juhas et al., 2015). GM-CSF and M-CSF have also been added to the list of M1 and
M2 stimuli, respectively, as they produce macrophages in vitro with some aspects of
the M1 and M2 phenotypes (Jaguin et al., 2013). Each category of polarised
macrophage is associated with particular surface markers, transcriptomic signatures,
and cytokine secretion that are often used to identify them in vitro or in vivo

(Martinez et al., 2006).

In addition to expression of receptors and secretion of effector molecules such as

cytokines and chemokines (Mantovani et al., 2004), polarising stimuli cause a

measurable shift in the metabolic profiles of macrophages (Zhu et al., 2015). M1
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stimuli such as LPS induce a shift from oxidative metabolism to anaerobic
glycolysis, which diverts intermediates such as citrate into biosynthesis of anti-
microbial products such as reactive oxygen species (ROS), whereas M2 stimuli such

as IL-4 have little effect (Haschemi et al., 2012).

A)

Classically activated (M1) Alternatively activated (M2)
T 1 T 1
Polarising IFN-y IL-4 Immune complexes + IL-10
stimuli LPS IL-13 IL-1R/TLR ligands TGF-B
GM-CSF Glucocorticoids
M2a M2b M2c
Transcription  STAT1 STAT6 IRF4 STAT3
factors IRF5 PPARy/d C/EBPB
NFkB
Polarisation CD80 CD163 CD86 CD163
markers CD86 MHC 11 MHC Il Matrix molecules
MHC Il CD206
iNOS
s d TNF IL-10 IL-1 IL-10
ecrete IL-1B TGF-B IL-6 TGF-B
cytokines IL-6 IL-1ra IL-10
IL-12 TNF-a
B) Blood monocyte Macrophage

*- o
N

continuum of possible macrophage activation states ‘

plasticity of phenotypes
Pro-inflammatory bias Immune regulatory bias

Figure 1.2 Cartoon representing a simplified model of human macrophage ontogeny and diverse
phenotypes.

A) Monocyte-derived macrophages arise when blood monocytes are recruited from the circulation
into the tissue and respond to the combination of inflammatory signals in the microenvironment to
acquire an activation state appropriate to the nature of the immunological challenge. B) The myriad
possible activation states may be simplified by thinking of it as a two-dimensional continuum with
more inflammatory macrophages, previously defined as M1, at one end, and less inflammatory more
reparative macrophages, previously known as M2, at the other.
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Metabolism of the amino acid L- arginine is also regulated in polarised macrophages,
with murine M1 macrophages showing upregulation of the inducible nitric oxide
synthase (iNOS) that metabolises L-arginine to NO, which is required for
macrophage cytotoxic activity (MacMicking et al., 1997), and L-citrulline. In
contrast, M2 macrophages are characterized by upregulation of arginase-1 that
converts L-arginine to ornithine and urea. Ornithine is required for synthesis of
polyamines, which regulate cell growth, and is a precursor of proline required for
collagen synthesis, and thus may be involved in tissue repair or remodelling
processes (Rath et al., 2014). Arginase also depletes arginine and thus suppresses T

cell activation (Munder et al., 2006) and reduces substrate available for iNOS.

It is unclear to what extent M1 and M2 classification systems represent real
populations of macrophages in vivo, where cells are exposed to a plethora of immune
stimuli and their complex phenotypes do not fall into discrete populations. Indeed,
each combination of stimuli in vitro is associated with a unique transcriptomic
signature, forming a spectrum of possible macrophage activation states (Xue et al.,
2014), suggesting that macrophages in vivo adopt a unique activation state in
response to the particular combination of immune stimuli in their microenvironment
(Figure 1.2B). However, the MI1/M2 paradigm retains some usefulness as
representing different extremes on the spectrum of possible macrophage activation
states, particularly in vitro where reductionist systems are used testing the effect of

only a few polarising stimuli.
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1.2.3 Macrophages in pathology

Regardless of the classification system used, there is no doubt that macrophages are
highly diverse cells with a multitude of effector phenotypes that develop in response
to the unique combination of immune stimuli they encounter (Zhou et al., 2014). In
addition to their functional diversity, there is strong evidence for plasticity in
macrophages suggesting they are not terminally differentiated cells as once thought
but are able to adapt their phenotype in response to changes in their
microenvironment (Locati et al., 2020). Failure to polarise appropriately at the onset
of an immune response can lead to inability to clear pathogens, while failure to adapt
phenotype to changes in microenvironment can result in impaired resolution of the

immune response and thus chronic inflammation (Murray and Wynn, 2011).

Typically the first monocyte-derived macrophages recruited to a site of infection
would adopt a ‘M1’ pro-inflammatory phenotype in response to bacterial (Kim et al.,
2011; Rydstrom and Wick, 2007), viral, or protozoal (Sponaas et al., 2009)
pathogens, and failure to recruit these cells leads to uncontrolled infection and failure
to clear the pathogen (Dunay et al., 2008; Robben et al., 2005). M1 macrophages are
specialised for eradication of intracellular pathogens through a high level of
phagocytosis and antigen presentation to activate adaptive immune cells, and the
respiratory burst that produces reactive oxygen species (ROS) and nitric oxide (NO).
Mounting a more M2-like macrophage response enables pathogens to establish
chronic infection and intracellular replication (Holscher et al., 2006; Iniesta et al.,

2005) and can sometimes be engineered by the pathogen itself as a form of immune
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escape, as has been demonstrated for protozoal parasites of the Leishmania genus

(Kumar et al., 2018a; Kumar et al., 2018b).

However, M2 macrophage polarisation is essential in some contexts, for which the
prototypic example is helminth infection (Horsnell and Brombacher, 2010).
Helminth-derived glycans induce a strong Th2 response and thus IL-4/IL-13
production and alternative activation of recruited macrophages (Mohrs et al., 2001;
Reece et al., 2006), promoting expulsion of the worm (Zhao et al., 2008) and repair
of tissue damage (Urban et al., 1998). M2 polarisation is associated with the
upregulation of a different repertoire of phagocytic receptors to classically activated
macrophages, including MRCI1, Dectin-1, and DC-SIGN as well as increased
pinocytosis to acquire foreign antigen from large extracellular pathogens whose size

impede their phagocytic uptake (Montaner et al., 1999).

M2-like reparative macrophages are also required for resolution of inflammation
after infection or tissue injury to protect against the damage that would be caused by
unchecked ‘M1’ macrophage activity such as production of ROS (Griffiths et al.,
2017). Growth factors secreted by M2 macrophages promote myofibroblast
differentiation and angiogenesis, while arginase metabolism promotes collagen
deposition. Many infections are characterized by an initial pro-inflammatory phase
where the macrophages express M1 markers, followed by a resolving phase in which
macrophages adopt a more M2-like phenotype (Pearce and MacDonald, 2002).
Spatial as well as temporal regulation of macrophage polarisation is also a feature of

some pathologies such as tuberculosis granulomas, where M1 macrophages are
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found in the inner region of granulomas close to the mycobacteria, whereas M2
macrophages are located on the fibrotic margins (Mattila et al., 2013). In many
immune responses however, the traditional dichotomy is likely to be an
oversimplification of the diverse macrophage activation states present: simultaneous
detection of M1 and M2 markers has been reported (Bystrom et al., 2008), and the
inherent plasticity of macrophages is evident in their transition from pro-
inflammatory to pro-resolving over time (Arnold et al., 2007; Huang et al., 2015).
Persistence of pro-inflammatory macrophages inhibits inflammation resolution, with
higher levels of M1-associated cytokines detectable in chronic wounds than acutely
resolving ones (Sindrilaru et al., 2011). However, excessive M2 activation can also
be detrimental, with macrophage-driven ECM deposition leading to pathological

fibrosis (Murray et al., 2011; Vidal et al., 2008).

Dysregulation of macrophage polarisation and functions is also thought to underlie
many chronic non-infectious diseases (Bashir et al., 2016). Single nucleotide
polymorphisms (SNPs) that lead to over-activation of IRFS5, a transcription factor
driving M1 polarisation (Krausgruber et al., 2011), have been associated with
numerous autoimmune and inflammatory diseases including IBD (Dideberg et al.,
2007) and RA (Dieguez-Gonzalez et al., 2008), suggesting that excessive pro-
inflammatory activity of macrophages makes individuals more susceptible to

developing these conditions.

Macrophages are important drivers of atherosclerosis where they accumulate in the

vessel wall and take up lipids, becoming foam cells (Chistiakov et al., 2017).
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Macrophages expressing M1 markers are mainly detectable in the lesion shoulder,
which is unstable and prone to rupture, while a mixture of M1 and M2 markers are
seen in the necrotic core. Symptomatic patients have more M1 macrophages during
an acute ischaemic attack, whereas asymptomatic plaques have more M2

macrophages (Stoger et al., 2012).

In addition to their microbicidal activities, pro-inflammatory macrophages are also
effective against transformed self cells and are protective in tumourigenesis where
they amplify Th1 responses. However, macrophages isolated from advanced tumours
often have a more M2-like, immunosuppressive phenotype that promotes growth and
angiogenesis of the tumour whilst inhibiting anti-tumour immune responses (Gallina
et al., 2006). It is now believed that tumours actively recruit monocytes (Qian et al.,
2011) and that tumour-derived factors polarise these tumour-associated macrophages
(TAMs) in order to support their own growth and metastasis (Zhang et al., 2011),
with increased M2-like polarisation correlating with poor survival in cancer patients

(Buscher et al., 2017).

Obesity is also associated with chronic inflammation, with adipose tissue
macrophages switching from an M2 phenotype in lean adipose tissue to a pro-
inflammatory population in obese adipose (Lumeng et al., 2007). Secretion of pro-

inflammatory cytokines by these M 1-like macrophages leads to insulin resistance.
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1.3 Heparan sulfate proteoglycans (HSPGs)

The inflammatory response, including recruitment and polarisation of monocyte-
derived macrophages, relies on a large number of soluble signalling molecules
including chemokines, cytokines, and growth factors (Martinez and Gordon, 2014).
In addition to changes in expression level, the activity of these inflammatory
mediators is regulated by their interactions with extracellular molecules such as

heparan sulfate proteoglycans (HSPGs) (Collins and Troeberg, 2019).

Heparan sulfate proteoglycans are ubiquitously expressed on cell surfaces, in
extracellular matrices and basement membranes (Li and Kusche-Gullberg, 2016).
They consist of long, linear heparan sulfate (HS) polysaccharide chains, covalently
attached to one of several types of core protein, including: the four transmembrane
syndecan family members, the seven GPIl-anchored glypicans, and secreted
extracellular matrix proteins such as agrin, perlecan, and type XVIII collagen
(Annaval et al., 2020). There are some core proteins that are only decorated with HS
chains in certain tissues or under certain conditions (e.g. TGFBR3, CD44) and are

thus considered part-time HSPGs (Jackson et al., 1995; Segarini and Seyedin, 1988).

1.3.1 Synthesis of HSPGs

Biosynthesis of HS occurs in the cis/medial stacks of the Golgi by the concerted
action of several enzymes (Figure 1.3) (Kreuger and Kjellen, 2012). It is initiated by
formation of a xylose-galactose-galactose-glucuronic acid tetrasaccharide linkage
region on specific serine residues on the core protein. This linkage region is common

to both HS and the related sulfated polysaccharides chondroitin sulfate (CS) and
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dermatan sulfate (DS). For HS biosynthesis, the exostosin-like (EXTL1-3) enzymes
transfer an N-acetylglucosamine (GIcNAc) residue as the fourth residue of the

tetrasaccharide (Kitagawa et al., 1999).

tetrasaccharide linkage region
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setine ¢ O—O—&—l-——& W& 14—
i NDSTs
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NS NS
i GLCE
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Figure 1.3 Schematic representation of heparan sulfate biosynthesis.

The linker tetrasaccharide sequence attaches to serine residues on the core protein and the HS
backbone is elongated by the two polymerases EXT1 and EXT2 that alternately add N-
acetylglucosamine and glucuronic acid. These disaccharide residues are subjected to a range of
possible modifications by N-deacetylase/N-sulfotransferases (NDSTs), epimerase (GLCE) and 2-, 3-
and 6-O-sulfotransferases, resulting in regions of high or low modification and many different HS
epitopes.

After commitment to HS rather than CS biosynthesis by EXTLs, the HS
polysaccharide backbone is elongated by alternate addition of glucuronic acid (GIcA)
and N-acetyl-glucosamine (GIcNAc) by EXT1 and EXT2. These enzymes form a

heterodimeric complex although both enzymes are capable of transferring both
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sugars (Lind et al., 1998). The two protein isoforms appear to be non-redundant as
mutations in either one lead to hereditary multiple exostoses (HME) (Zak et al.,
2002). HS can be 50-250 disaccharide units long (20-100 kDa) (Xu and Esko, 2014),
and there is evidence to suggest that some of the biosynthetic enzymes are also
involved in regulating chain length. For example, siRNA knockdown of EXLT3 led
to increased chain length, suggesting that one role of this isoform is chain

termination (Busse et al., 2007).

Coincident with elongation of the backbone, HS undergoes sequential enzymatic
modifications beginning with N-deacetylation N-sulfation of GIcNAc residues by the
four NDST protein isoforms. For all sulfation reactions of HS, the sulfate donor is
3’-phosphoadenosine-5’-phosphosulfate (PAPS). Processive activity of NDSTs
along an HS chain results in formation of extended N-sulfated domains (Carlsson et
al., 2008). The observation that subsequent modifications occur in these N-sulfated
regions suggests this reaction is a pre-requisite for the activity of other HS-modifying
enzymes (Maccarana et al., 1996). However, some 6-O-sulfation occurs even when
NDST1 and NDST2 have been deleted, so N-sulfation may promote further
modification without being strictly necessary for enzyme activity (Holmborn et al.,
2004). NDST1 and 2 are thought to have different activities as selective knockouts of

these isoforms resulted in different sulfation patterns (Ledin et al., 2006).

The epimerase enzyme (GLCE) converts D-glucuronic acid to L-iduronic acid,

which is a better substrate for 2-O-sulfation by the 2-O-sulfotransferase (HS2ST).

GLCE and HS2ST co-localize in the Golgi and may interact physically and
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functionally (Pinhal et al., 2001). Epimerization is reversible but precluded by 2-O-
sulfation of iduronic acid or 6-O-sulfation of a neighbouring glucosamine. There are
three 6-O-sulfotransferases (HS6STs) and seven 3-O-sulfotransferases (HS3STs) that
are thought to have subtly different specificities. All three HS6ST protein isoforms
preferentially act on N-sulfated glucosamine residues with an adjacent 2-O-sulfated
IdoA residue (Jemth et al., 2003; Smeds et al., 2003). HS3ST protein isoforms show
distinct expression levels in various human tissues but 3-O-sulfation remains the
least studied HS modification, due largely to the lack of suitable standards for
disaccharide analysis (Thacker et al., 2014). The most established role for 3-O-
sulfotransferases is forming the anti-thrombin III binding site on heparin (Hao et al.,

2019).

Mammalian HS biosynthetic enzymes are transmembrane proteins inside the Golgi.
Multiple interactions between different enzymes of the HS biosynthetic pathway
have been reported, such as the heterodimerization of EXT1 and EXT2 and
colocalization of GLCE and HS2ST. Additionally, NDST1 and EXT2 were found to
co-immunoprecipitate, and overexpression of EXT2 led to increased NDSTI1
expression and thus elevated N-sulfation (Presto et al., 2008). These observations led
to the hypothesis of a ‘GAGosome’ (Esko and Selleck, 2002): a macromolecular
complex consisting of multiple enzymes acting in concert to most efficiently
synthesize HS. However, such a complex has not been isolated and its existence

remains speculative.
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Modification of HS occurs in a non-template-dependent manner and enzymatic
reactions do not run to completion, resulting in highly heterogenous chains with
regions of dense sulfation separated by relatively unmodified sequences and zones of
intermediate sulfation at the junctions (Murphy et al., 2004). These highly sulfated
regions are akin to heparin, which shares the same backbone as HS but with much
more extensive sulfation and is attached to the core protein serglycin, predominantly
in mast cells. The number of possible combinations of modification of HS
disaccharides and the ordering of these into different motifs leads to enormous
potential diversity, and thus HS is possibly the most information-dense structure in

nature (Turnbull and Field, 2007).

1.3.2 HS structure is further regulated after synthesis

Uniquely among the modifications of HS, the 6-O-sulfate group can be removed
post-synthetically after the GAG has been transported to the cell surface via its core
protein (Hossain et al., 2010). Two isoforms of the endo-6-O-sulfatase exist in
mammals and birds: SULF1 and SULF2, and they act to post-synthetically modify
the fine structure of HS (Morimoto-Tomita et al., 2002) (Figure 1.4). They have been
found both in the membrane fraction, indicating association with the cell membrane,
and in conditioned medium, indicating diffusion away from the cell of origin
(Lamanna et al., 2008), which suggests that SULFs may be able to modify both cell-
associated and ECM HS chains. SULF activity could theoretically affect the activity
of any ligand requiring 6-O-sulfated motifs for binding, and removal of 6-O-sulfate

groups has been shown to regulate the signalling of morphogens such as Wnt
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(Fellgett et al., 2015; Tran et al., 2012) and BMPs (Meyers et al., 2013) during

development.
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Figure 1.4 Schematic demonstrating the opposing roles of HS6ST and SULF enzymes in
modulating the sulfation state of heparan sulfate.

In the Golgi apparatus, HS6ST1-3 transfer a sulfate group to the 6-O position of GIcNAc residues of
newly synthesised HS chains. Once on the cell surface, the HS may have the 6-O-sulfate group
removed through the activity of the extracellular sulfatase enzymes SULF1,2.

In addition, the HS chains can be cleaved by mammalian heparanase (HPSE), an
endoglycosidase that cleaves HS within the chain at highly sulfated sites to form HS
fragments of 10-20 sugar residues (Vreys and David, 2007). A second isoform has
been identified but it is not catalytically active and antagonises the HS-degrading
activities of HPSE (Levy-Adam et al., 2010). Cleavage of HS by heparanase releases
growth factors sequestered in the ECM (Bashkin et al., 1989; Elkin et al., 2001) and
the HS fragments retain biological activity in promoting growth factor signalling
(Kato et al., 1998). As heparanase digestion also helps break down the physical

barriers formed by HS, its expression is associated with processes involving cell

37



invasion such as leukodiapedesis (Bartlett et al., 1995; Vlodavsky et al., 1992),
angiogenesis (Vlodavsky et al., 2000), and cancer metastasis (Jayatilleke and Hulett,

2020).

1.3.3 Functions of HSPGs

Besides being anchors for the biosynthesis and localization of HS chains, some core
proteins have biological functions in their own right. The syndecan family play roles
in cell adhesion and assembly of the ECM, as their HS chains can bind ECM
components such as collagen, laminin, and fibronectin (Xian et al., 2010) and their
cytoplasmic domains interact with the cytoskeleton and recruit signalling molecules
(Lambaerts et al., 2009). Agrin is secreted by pre-synaptic motor neurones and
regulates formation of the neuromuscular junction by promoting clustering of
acetylcholine receptors (Li et al., 2018). Agrin expression has also been reported in T
cells where this protein may play a role in the formation of immunological synapses
between the T cell and the antigen-presenting cell, leading to T cell activation (Jury
and Kabouridis, 2010). Agrin and perlecan are among the core structural components
of basement membranes where they have mechanosensory properties and form

reservoirs for growth factors (Melrose, 2020).

However, the vast majority of the potential biological activity of HSPGs comes from
their ability to bind and regulate the activity of numerous soluble molecules through
their HS chains. More than 400 protein ligands (Ori et al., 2011) are predicted to bind
to the sulfated, heparin-like regions of HS, and collectively these HS-binding

proteins are described as the heparan sulfate interactome. HS-binding proteins appear
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to have arisen by convergent evolution as there is no one conserved HS-binding
domain, sequence, or fold (Esko and Linhardt, 2009). Due to the highly anionic
nature of HS, electrostatic interactions contribute substantially to protein binding but
hydrogen bonding and van der Waal forces also play a role (Kjellen and Lindahl,

2018).

Particular sulfated motifs of HS facilitate binding of different ligands, so tissue-
specific differences in HS structure would be expected to lead to preferential binding
of particular HS ligands over others. It is thought that the fine structure of HS is
regulated, at least in part, by the relative expression levels of the biosynthetic and
modifying enzymes. Thus the changes in HS enzyme expression that have been
reported in response to stimuli suggest that cells may dynamically regulate their HS
structure in order to selectively bind ligands required for a particular response. This
is supported by studies using antibodies against different HS motifs, which have
shown different HS structures in different tissues (David et al., 1992; Dennissen et
al., 2002), and changes in HS sulfation pattern during embryogenesis (Jenniskens et
al., 2002). Moreover, changes to HS sulfation patterns have been reported during
aging (Feyzi et al., 1998) and in the progression of various diseases (Chanalaris et
al., 2019; Raman and Kuberan, 2010), suggesting that dysregulated HS biosynthesis

or turnover may disrupt ligand interactions.
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1.4 Mechanisms by which HSPGs regulate activity of their ligands

Consequences of ligand binding to HS include retention in the ECM to form a
reservoir or gradient which is essential for growth factors during embryonic
patterning (Yan and Lin, 2009) and for chemokines during leukocyte recruitment
(Monneau et al., 2016). Binding to HS can result in juxtaposition of two proteins into
close proximity with one another thus facilitating their interaction, as has been
shown for thrombin and anti-thrombin III (Dementiev et al., 2004; Li et al., 2004). In
some cases, binding to HS may promote binding to the cognate receptor, directly
through binding both ligand and receptor, as is the case for FGF-2-FGFR (Chapter
1.4.2), or indirectly by localizing the ligand close to its receptor at the cell surface, as
has been reported for IL-10 (Salek-Ardakani et al., 2000). However, if the HS-
binding site and the receptor-binding site overlap then interaction with HS may
inhibit signalling, as is predicted for IFN-y (Chapter 1.4.1), giving HS the potential
for both positive and negative regulatory roles depending on context. Other
consequences of binding to HS include oligomerization, as has been shown for

chemokines, and protection from proteolytic inactivation (Figure 1.5).

Heparan sulfate can regulate the activity of ligands in trans, where the HSPG is on a
presenting cell and the ligand’s cognate receptor is on another cell, such as the
presentation of chemokines to migrating leukocytes. Alternatively, the binding of
ligands to cell-surface HSPGs may affect the activity of the same cell through
regulation in cis, as occurs for some cytokines and growth factors. Given that a large
proportion of the known HS-binding proteins are immunologically-relevant

molecules such as cytokines, chemokines, and growth factors, this proteoglycan is
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expected to have a central role in the regulation of inflammation and immune
responses. Despite the more than 400 known binding partners of HS, the sulfation
requirements for binding to HS and consequences of binding for ligand activity have
been studied for relatively few. Some of the better studied examples are described in

the following sections.

Presentation of Protection from oL
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Retention and Regulation of

localisation signalling in cis

- N~ %% AC A ™

oo -~ Shedding-mediated
l X regulation of diffusion

Figure 1.5 Heparan sulfate binding regulates ligand activity in multiple ways.

Binding to HS may restrict diffusion of ligands away from their site of production and form a local
reservoir of bound ligand that can be liberated from the ECM when required. HS can regulate
signalling in trans by presenting ligand to its target receptor on another cell, and in cis by promoting
or inhibiting ligand interaction with receptors on the same cell as the HSPG. Interacting with HS can
protect ligands from proteolytic inactivation. Shedding of the whole HSPG by cleavage of the core
protein may result in HS-bound ligand diffusing away from the cell surface to a new site of action.

1.4.1 IFN-y

IFN-y has been shown to bind a basement membrane extract (matrigel) in a manner
inhibitable by heparin or heparinase digestion, suggesting that HS is the ECM
component responsible for binding (Lortat-Jacob et al., 1991). This retention of IFN-
vy by HS may have a physiological role in protecting the cytokine from proteolytic
inactivation, as free IFN-y in the circulation is truncated and loses its antiviral
activity, which is prevented by association with ECM HS or heparin (Lortat-Jacob et

al., 1996). The HS-binding site of IFN-y is located in the C-terminal portion of the
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molecule, demonstrated by both monoclonal antibody blocking (Lortat-Jacob and
Grimaud, 1991) and affinity analysis of IFN-y mutants by NMR (Saesen et al.,
2013). The domain of HS that supports IFN-y binding, named the interferon-
protected domain (IPD) due to its resistance to degradation when IFN-y is bound, is
highly sensitive to nitrous acid cleavage, indicating a high level of contiguous N-
sulfated disaccharides (Lortat-Jacob et al., 1995). NMR studies of the IPD
additionally revealed an abundance of 2-O- and 6-O-sulfate groups (Vanhaverbeke et

al., 2004).

However, because the HS-binding site in the C-terminal domain of IFN-y is also one
of the polypeptide segments involved in receptor binding (Walter et al., 1995), it may
be the case that HS competes with the IFN-receptor for IFN-y binding. Indeed,
surface plasmon resonance (SPR) analysis showed that pre-incubation of IFN-y with
heparin reduces its interaction with the IFN-y receptor (Sadir et al., 1998),
demonstrating the requirement for the HBD in receptor recognition. It remains
unresolved whether HS acts as an inhibitor of IFN-y signalling and whether this

interaction is of biological relevance in cellular systems.

1.4.2 FGF-2

FGF-2 binds to heparin and HS with an absolute requirement for 2-O-sulfation, as
only 2-O-sulfated heparin-derived oligosaccharides were able to bind FGF-2 on an
affinity column (Ashikari-Hada et al., 2004), and disaccharide composition analysis
of HS fragments from human skin fibroblasts segregated by affinity for FGF-2

showed that those fragments with the highest affinity for FGF-2 contained the
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highest proportion of 2-O-sulfate groups (Turnbull et al., 1992). Moreover,
selectively 2-O-desulfated heparins are significantly less potent than unmodified
heparin or 6-O-desulfated heparin at displacing bound heparin from FGF-2
(Maccarana et al., 1993). HS also interacts with the FGF receptor and this interaction
is necessary for the formation of a receptor-ligand complex as a soluble FGF-R
construct fails to pull down FGF-2 unless heparin is also added (Ornitz et al., 1992).
This dependence on heparin or HS is also true for cellular systems, as the FGF-
receptor-ligand complex cannot be isolated from mutant CHO cells lacking the
ability to synthesize HS (Yayon et al., 1991). This interaction is functionally
important too for subsequent signal transduction as treatment of cells with heparinase
or sodium chlorate to abolish HS sulfation significantly reduced FGF-2-dependent
cell proliferation (Rapraeger et al., 1991). Unlike the sulfation requirements for FGF-
2, binding of HS to the FGF receptor specifically requires 6-O-sulfation, as
selectively 6-O-desulfated heparins cannot potentiate the binding of FGF-2 to its
receptor (Rusnati et al., 1994) or induce proliferation (Pye et al., 1998). Exogenous
heparin or HS can rescue FGF-2 signalling provided it contains 6-O- and 2-O-
sulfates (Ferreras et al., 2012; Guimond et al., 1993). The crystal structure of FGF-2,
FGF-receptor, and heparin suggests that in addition to promoting the interaction
between growth factor and receptor, HS also facilitates dimerization of two receptor-
ligand complexes (Pellegrini et al., 2000; Schlessinger et al., 2000), thus potentiating

signalling and growth factor activity.
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1.4.3 FGF-10

FGF-10 appears to require the presence of 2-O- and 6-O-sulfated HS for its activity
during branching morphogenesis of several structures in development, with selective
deletion of Hs6stl/2 and Hs2st reducing Erk activation and leading to stunted
lacrimal glands (Qu et al., 2011). Exogenously added heparin can rescue FGF-10-
dependent proliferation in HS-deficient cells with the requirement for 6-O-sulfate as
well as 2-O- and N-sulfate groups (Patel et al., 2008). In contrast to the role of HS in
facilitating receptor-ligand complex formation in FGF-2 signalling, the role of HS in
FGF-10 activity appears to be in controlling its localization. Hs6st1 is predominantly
expressed at the branching tips of lung buds, and although heparin rescues FGF-10
signalling after heparinase digestion it was found to result in generalised growth
leading to cyst structures rather than directional budding (Izvolsky et al., 2003).
Similarly, in the developing submandibular gland, 6-O-sulfated heparin promoted
FGF10-dependent duct elongation, whereas 2-O- and N-sulfated heparin promoted
end bud expansion (Patel et al., 2008). These results suggest that spatial and temporal

changes to HS sulfation may regulate local growth factor signalling.

1.4.4 The TGF-p superfamily

Many proteins in the TGF-f superfamily bind HS, including TGF-B1 and TGF-§32,
GDNF, and a number of the BMPs, with varied effects on their activity (Rider and
Mulloy, 2017). Binding to HS may promote downstream signalling by retaining the
growth factor close to its cell-surface receptor, which is supported by the observation
that BMP-7 signalling requires cell-surface HS and this cannot be rescued in HS-

deficient cells by soluble heparin (Irie et al., 2003). However, while binding to HS
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may retain the growth factor in close proximity with its receptor, it may also increase
its internalisation and thus inhibit signalling (Jiao et al., 2007). Interaction with HS
may also inhibit signalling by competing with the receptor for growth factor binding,
supported by the observation that non-HS-binding mutants of BMP-2 have increased
activity (Ruppert et al., 1996). A number of physiological antagonists of this
superfamily of growth factors also bind HS, such as the BMP inhibitor Noggin,
which establishes morphogenetic gradients by spatially restricting BMP-4 activity
(Paine-Saunders et al., 2002). Therefore HS may potentially regulate the TGF-j3
superfamily members through regulating their localisation and bioavailability as well
as the localisation of their antagonist proteins, and the role of HS is likely to vary

with tissue type, growth factor, and the combination of sulfate modifications present.

1.4.5 VEGF

There are multiple isoforms of VEGF-A that differ in the presence or absence of a
heparin-binding domain, which is thought to result in different distribution in the
microenvironment, with the HS-binding isoform VEGF-164 being retained by ECM
HSPGs (Park et al., 1993). This spatial restriction is essential to create the
concentration gradients that regulate blood vessel branching as mice expressing only
the short non-HS-binding form of VEGF show impaired myocardial angiogenesis
(Carmeliet et al., 1999), and displacing VEGF with heparin fragments inhibits
microvessel sprouting (Norrby, 2000). In addition to restricting diffusion, binding to
HS appears to be required for receptor interaction (Gitay-Goren et al., 1992).
Chlorate-treated HUVECs show an impaired mitogenic response to VEGF but this

can be rescued by heparin, suggesting that endogenous HS serves to promote
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receptor-ligand interaction (Ono et al., 1999). The same study found that de-N-
sulfated or de-6-O-sulfated heparin were ineffective at rescuing mitogenic responses,
implicating these HS modifications in VEGF binding. HS may also be able to
regulate the activity of VEGF in trans by presenting it to its receptor on another cell,
supported by the finding that Ndstl-deficient cells did not respond to VEGFA-165
but that chimeric embryoid bodies enable wild-type cells to present signalling-

competent growth factor to mutant cells (Jakobsson et al., 2006).

1.4.6 Anthithrombin-I1I

Anthithrombin-III (AT) is a serine protease inhibitor that circulates in the blood
where it acts as an important regulator of the coagulation cascade by inhibiting
thrombin, factor [Xa and factor Xa. Binding to heparin or HS results in a
conformational change that increases the binding of AT to target serine proteases
(Huntington et al., 1996), and explains the clinical efficacy of i.v. heparin as an anti-
coagulant. Inhibition of serine proteases is also accelerated by simultaneous binding
of AT and its target proteases to heparin or HS, with the GAG acting as a template to
approximate the two proteins and promote their interaction (Olson et al., 1992). The
GAG structure with highest affinity for AT has been identified as a pentasaccharide
sequence containing a critical 3-O-sulfate group and a 6-O-sulfated N-
acetylglucosamine (Lindahl et al., 1983). This sequence is found in heparin and also
in the heavily sulfated domains of cell-surface HS (Chen and Liu, 2005) in several
tissues including vascular endothelium (de Agostini et al., 1990). Mutations
disrupting the heparin-binding site of AT have been identified in patients with

inherited thrombotic disorders (Lane et al., 1996).
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1.5 Roles of HS in the immune system
Given that HS binds numerous chemokines, cytokines, and growth factors (Ori et al.,
2011), it is expected that the fine structure of HS affects their binding, localisation

and signalling, and thus regulates immune cell activity (Collins and Troeberg, 2019).

1.5.1 HS regulation of leukocyte recruitment

An important role of heparan sulfate proteoglycans in the immune response is
facilitating migration of leukocytes to sites of infection or injury which they do
directly by acting as ligands for leukocyte selectins and indirectly through regulating

chemokine activity (Figure 1.6).

L-selectin binding Chemokine Chemokine Chemokine
oligomerization presentation immobilization
. and gradient
Leukocyte formation

Chemokines

L-selectin '

Figure 1.6 Heparan sulfate is involved in multiple steps of leukocyte recruitment.

L-selectin on leukocytes is capable of binding endothelial HS to facilitate leukocyte rolling and
adhesion. Chemokines interact with HS chains on the lumenal surface which prevents them being
washed away by the blood flow and enables formation of a gradient to guide leukocyte migration. HS
binding also promotes chemokine oligomerisation and may be involved in presenting chemokine to its
receptor.
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1.5.1.1 HS as a selectin ligand

Selectins are expressed by both endothelial cells and the leukocytes that migrate
across them, with leukocytes constitutively expressing L-selectin and endothelial
cells upregulating P-selectin when activated. In vitro studies have shown that
endothelial HS promotes leukocyte adhesion and rolling, as both were reduced by
digestion with heparinase III (Rops et al., 2007) or genetic inactivation of genes in
the HS biosynthetic pathway such as EX7/ (Stoler-Barak et al., 2014). The
observation that Ndstl-null and heparinase digested endothelium supports less
binding of L-selectin suggests this leukocyte adhesion molecule may be a
physiological ligand for HS (Celie et al., 2005; Rops et al., 2014). Supporting the
hypothesis that L-selectin binding to HS is involved in leukocyte trafficking, pre-
treating monocytes with an L-selectin-blocking antibody inhibited their adhesion to
endothelial monolayers (Giuffre et al., 1997), and L-selectin-deficient mice show
decreased neutrophil recruitment in vivo (Wang et al., 2002). Conditional deletion of
Ndstl from endothelial cells and leukocytes in mice resulted in reduced
thioglycollate-induced leukocyte homing but this was not seen in chimeras where
wild-type mice received knockout bone marrow (Wang et al., 2005), providing
further evidence that it is HS on the endothelium and not on the leukocyte that is

critical for selectin-mediated transmigration.

1.5.1.2 HS regulation of chemokine activity
HS in the endothelial glycocalyx binds chemokines (chemotactic cytokines) and this
ability to interact with GAGs is crucial for the function of certain cytokines in vivo.

For example, mutants of MCP-1 (CCL2), RANTES (CCL5), and MIP-1p (CCL4)
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that cannot bind GAGs are active in transwell migration assays in vitro, indicating
they still interact functionally with their receptor, but do not induce cell recruitment
when injected intraperitoneally into mice (Proudfoot et al., 2003). This indicates that
retention by GAGs in the ECM is important for their ability to recruit leukocytes in
vivo, and one reason for this is thought to be that interaction with GAGs prevents the
chemokines being washed away by the blood flow. A transgenic mouse expressing
non-HS-binding CXCL12 shows increased serum concentrations of this chemokine
and reduced infiltration of leukocytes in response to acute ischaemic injury and thus
reduced neovascularization (Rueda et al., 2012), supporting the importance of
chemokine immobilization for localizing their activity. Additionally, the presence of
HS on the vascular endothelium and ECM surrounding the blood vessels may enable
the formation of a chemokine gradient to induce directional migration of leukocytes.
HS from aortic and venous endothelial cells are structurally different (Lowe-Krentz
and Joyce, 1991), with the HS modifications required for chemokine binding only
present in post-capillary venules and small veins where leukocyte emigration occurs
(Hub and Rot, 1998; Rot, 1992). Studies in which chemokines were injected
demonstrated their accumulation on the luminal surface of ECs and in the ECM
around smaller blood vessels which could be abolished by heparinase III treatment
(Middleton et al., 1997), and fluorescent chemokine showed a gradient of staining
with strongest staining closest to the vasculature which was not true for mutant
chemokine lacking GAG-binding ability (Sarris et al., 2012). Swamping the
directional signal provided by the chemokine gradient by addition of exogenous
chemokine led to scattered DCs remote from the lymphatic vessel rather than

directional migration (Weber et al., 2013).
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Different chemokines have different affinities for heparin/HS (Dyer et al., 2016) and
an intriguing possibility is that selective expression of different HS sulfate motifs in
different tissues leads to varying abilities to retain different chemokines and thus
provides a way of localizing particular chemokines in a system that might otherwise
appear to have substantial redundancy (Dyer, 2020). Support for this hypothesis
comes from studies showing that HS-binding mutants of chemokines, such as IL-8
(CXCLB), are less active than wild-type in a peritoneal recruitment assay, but more
active in a lung recruitment assay, indicating the presence of different HS structures
in these tissues with different affinities for this chemokine (Gangavarapu et al.,

2012).

Moreover, CCL19 and CCL21, both ligands of the CCR7 receptor, have different
affinities for HS which regulates their activity: CCL21 has the higher affinity
interaction with HS so is immobilized on the endothelial surface, whereas the lower
affinity of CCL19 for HS means this chemokine acts primarily in a soluble form
(Schumann et al., 2010). CCL21 formed a chemokine gradient to guide DC
migration but a cleaved form of CCL21 lacking the HS-binding region behaved like

the soluble CCL19.

Another example of GAG affinity conferring functional differences is the
observation that chemokines associated with monocyte recruitment, including CCL2,
CCL3, CCLS, CCL7, and CXCL4 display a wide range of affinities for heparin
(Dyer et al., 2016). These differences in binding affinities may help regulate

chemokines that are produced locally at the site of inflammation but act in different
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locations. For example, the low affinity of CCL7 for HS may mean it diffuses further
from its site of production, consistent with its role in promoting monocyte egress

from the bone marrow (Tsou et al., 2007).

Many chemokines form oligomers and this is thought to be essential to their
function, as oligomerization-deficient mutants are ineffective at recruiting leukocytes
in vivo (Proudfoot et al., 2003). Heparin has been shown to promote oligomerization
of some chemokines in solution (Hoogewerf et al., 1997), which is dependent on
their ability to bind GAGs as mutants of CCL2 (MCP-1) do not oligomerize on
heparin. This ability to oligomerise may also increase the binding affinity for HS by
increasing the number of HS-binding regions, as has been shown for CCL2 (Salanga
et al., 2014). Oligomerization-deficient mutants of CCL5 and CXCL4 showed
reduced affinity for heparin and HS by SPR and reduced binding to the surface of

HUVEC:s (Dyer et al., 2016).

An unresolved question is whether chemokines are capable of simultaneously
binding their receptor and HS, and whether HS is required for formation of the
receptor-ligand complex as has been shown for FGF-2 (1.3.2), or rather localizes the
chemokine near to its receptor but does not directly participate in binding. Some
chemokines cannot simultaneously bind HS and their receptor because the two
binding sites overlap, as has been shown for RANTES (CCL5), MIP-1a (CCL3) and
MIP-1p3 (CCL4) (Graham et al., 1996; Laurence et al., 2001; Proudfoot et al., 2001).
However, for chemokines such as CCL2, CXCL8 and CXCL12 the binding sites are

spatially distinct so simultaneous binding is theoretically possible (Amara et al.,
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1999; Chakravarty et al., 1998; Kuschert et al., 1998). It has been demonstrated for
CXCL12 that simultaneous binding to HS and signalling via CXCR4 can occur, and
that the presence of HS actually enhances signalling (Connell et al., 2016). However,
for most chemokines, even those for which the binding sites do not overlap, steric
hindrance is thought to prevent simultaneous interaction of the oligomers with HS

and the receptor.

To explain the requirement for HS binding in vivo but not in vitro, and even for
chemokines that cannot simultaneously bind HS and their receptor, a model known
as the ‘bridge model” was proposed in which oligomerization of chemokines on HS
enables some subunits of the oligomer to interact with their cognate receptor (Figure
1.7). However, while CXC chemokine oligomers can bind their receptors (Veldkamp
et al., 2008) CC chemokine dimers cannot because the receptor-binding site becomes
inaccessible in the dimer interface (Qin et al., 2015). Moreover, effective therapeutic
antibodies targeting chemokines such as CXCL10 recognise the soluble, non-GAG-
bound form of the chemokine, while antibodies capable of recognising GAG-bound
chemokine were ineffective at blocking migration (Bonvin et al., 2017). These
observations, and the conceptual problem of how chemokines bound to HS in the
thick glycocalyx layer reach their cognate receptors on leukocytes, led to the
development of the ‘cloud model’ (Majumdar et al., 2014). In this model, endothelial
HS retains chemokines locally in the tissue of origin and prevents them being
washed away by the blood flow whilst also providing a sink of bound chemokine that
is in equilibrium with the soluble form. Chemokine subunits that dissociate from the

GAG-bound oligomers may either re-bind GAGs or bind their receptor (Graham et
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al., 2019). Because of the varied sulfation requirements for binding of different
chemokines and the effect of GAG chain density on chemokine affinity (Dyer et al.,
2016), it may be the case that inflammatory changes to endothelial HS affect which
chemokines can be retained or alter the equilibrium point between bound and

unbound chemokine such that more becomes accessible to leukocyte receptors.

Y

Figure 1.7 The bridge model and cloud model of chemokine-GAG interactions.

In the bridge model, chemokine oligomerization on HS chains enables some subunits to bind to the
chemokine receptor on passing leukocytes, but steric hindrance makes it unlikely that chemokines can
simultaneously bind their receptor and other chemokine monomers. In the cloud model, HS-binding
retains chemokines near the site of production through successive rounds of disengaging and
rebinding to GAGs, and provides a source of free chemokine that can activate chemokine receptors.

1.5.2 Leukocyte HS
Although most intensively studied in the context of stromal cells, HSPGs are
expressed on the surface of leukocytes where they have the potential to regulate their

various immune and inflammatory functions.

1.5.2.1 Roles of HS in phagocytosis
There is some evidence that cell-surface HSPGs participate in the internalisation of

particles (Christianson and Belting, 2014) so may play a role in phagocytosis of
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pathogens by both stromal cells and immune cells. Epithelial cells will bind and
internalise beads coated with anti-HS antibodies and this is inhibited by heparinase
IIT treatment, suggesting that interacting with HS is sufficient to trigger endocytosis
of pathogens (Dehio et al., 1998). Human skin fibroblasts show binding and uptake
of latex beads by a mechanism inhibitable by heparin or heparinase III, and CHO
mutant cells with defective HS biosynthesis show reduced ability to internalise beads
than HS-competent controls (Fukasawa et al., 1997). However, these studies were
carried out in stromal cells and cell lines rather than leukocytes, so do not represent
true phagocytosis where an array of specific receptors selectively recognise and
internalise ligands (Stuart and Ezekowitz, 2005). Human PMNs were found to bind
and internalise a HS-binding strain of Helicobacter pylori more efficiently than a
non-HS-binding strain, and this uptake was inhibited by heparin (Chmiela et al.,
1995), suggesting an HS-dependent mechanism of internalisation might be relevant
to immune cells. However, the relative contribution of HS to uptake in the presence

of canonical phagocytic receptors is unknown.

1.5.2.2 Regulation of cytokine signalling by leukocyte HS

Perhaps the best-studied example of HS as a co-receptor is that of HS binding to both
FGF-2 and its receptor, promoting formation of the receptor-ligand complex
(Chapter 1.4.2). The HS and FGF-R need not be on the same cell, however, and
macrophages have been shown to present FGF-2 to target cells in a signalling-
competent manner: HS-deficient BaF32 cells showed increased proliferation in

response to suboptimal concentrations of FGF-2 when co-cultured with activated
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macrophages, but not macrophages pre-treated with heparinase III (Clasper et al.,

1999).

Binding of a ligand to leukocyte HS has the potential to promote or inhibit
subsequent interaction with its cognate receptor on the same cell, depending on the
ligand and whether its receptor and HS-binding sites overlap. For example, the B
cell-stimulating cytokine, IL-7, binds to heparin and HS, and IL-7-induced B cell
proliferation is inhibited by heparin (Clarke et al., 1995), indicating that binding of
IL-7 to HS promotes simultaneous interaction with its receptor. In support of this,
heparinase III treatment of primary B cells reduced both cell-surface binding of IL-7
and proliferation (Borghesi et al., 1999). Another B cell activating factor, APRIL,
showed impaired ability to induce B cell signalling and proliferation in the presence
of heparin or if its HS-binding domain was mutated (Kimberley et al., 2009), or if the
B cells had been pre-treated with heparinase III (Sakurai et al., 2007). Moreover, B
cells from Glce-/- mice, which lack iduronic acid residues of HS and are thus
deficient in downstream O-sulfate modifications (Townley and Bulow, 2011), do not
show cell-surface binding of APRIL or enhanced cell survival (Reijmers et al.,

2011).

Similarly in monocytes, IL-10-induced upregulation of CD64 and CD16 are
inhibited by addition of soluble fragments of HS or by chlorate treatment of the cells
to prevent sulfation of GAGs (Salek-Ardakani et al., 2000). These data suggest that
the interaction of IL-10 with cell-surface HSPGs serves to promote interaction with

the IL-10-receptor, which is theoretically possible as the crystal structure of IL-10
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with its receptor shows no overlap with the GAG-binding site of IL-10 (Josephson et
al., 2001). However, it remains to be determined whether binding to HS directly
promotes formation of the receptor-ligand complex, or whether HS facilitates I1L-10
signalling indirectly by preventing diffusion of the cytokine away from the cell

surface.

However, HS does not always promote ligand-receptor interactions, and some HS
sulfated motifs may be inhibitory for the activity of certain cytokines. Selective
deletion of Ndst/ in murine macrophages resulted in hyperresponsiveness to IFN-3
stimulation and increased production of pro-inflammatory cytokines (Gordts et al.,
2014), suggesting that in normal macrophages N-sulfated HS serves to maintain a
more quiescent state by sequestering this cytokine away from its receptor. It seems
likely that those ligands whose HS- and receptor-binding sites overlap would
experience an inhibitory effect of cell surface HS, whereas those cytokines able to
bind both simultaneously might be positively regulated by HS. Further work is
required to determine whether this is the case and to define the sulfated motifs

required by each ligand for binding to HS.

1.5.2.3 Regulation of leukocyte HS structure in inflammation

For HS to be considered a true regulator of leukocyte functions its expression and
structure must be altered during the course of an immune response and there is
evidence that HS is differentially regulated according to the maturation state of the
immune cell and in response to applied stimuli. For example, ligation of the pre-BCR

induced upregulation of HS biosynthetic genes including Hs3stl (Schebesta et al.,
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2002), and plasma cells showed greater expression of HS biosynthetic enzymes than
memory B cells (Bret et al., 2009). B cells stimulated with cytokines in vitro or
isolated from virus-infected mice showed increased surface HS and augmented
response to APRIL (Jarousse et al., 2011). Furthermore, ligation of the B cell
receptor and CD40 results in a switch to the higher molecular weight form of CD44
decorated with HS chains (van der Voort et al., 2000) that is associated with
promoting hepatocyte growth factor (HGF) signalling (van der Voort et al., 1999).
Similarly, upregulation of this isoform of CD44 with HS attachment sites was
observed upon maturation of monocytes to macrophages, which conferred the ability
to present FGF-2 to BaF32 cells (Jones et al., 2000). T cells show a switch in agrin
glycosylation, with resting T cells having highly glycosylated agrin and activation

resulting in a switch to a weakly glycosylated form of agrin (Khan et al., 2001).

A handful of studies have shown that HSPG expression is also regulated during
macrophage maturation and polarisation. Differential expression of HSPG
biosynthetic machinery was observed in monocyte-derived macrophages polarised to
M1 or M2 phenotypes, with M2 macrophages showing higher expression of
sulfotransferases (HS2ST1, HS3ST1, HS3ST2) and more 2-O-sulfated disaccharides
(Martinez et al., 2015). This regulation was shown to have functional consequences:
M2 macrophages bound more FGF-2 and were more efficient at augmenting the
FGF-2-dependent proliferation of a target cell line (Clasper et al., 1999), which is
consistent with the role of HS in promoting FGF-2 signalling in trans. HSPG
expression in monocytes and macrophages was also reported to be altered by

activation by stimuli including LPS and TNF, which were found to upregulate
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HS3ST3B (Sikora et al., 2016). Hypoxia reduced expression of several HS
biosynthetic enzymes and the amount of HS (Asplund et al., 2009). HSPG
expression in macrophages has, however, not been comprehensively profiled and

functional consequences are poorly understood.

1.6 Project aims

The work described in this thesis was motivated by the paucity of data on regulation
and function of macrophage heparan sulfate proteoglycans. Given that HSPGs are
known to regulate many immune mediators, I hypothesised that their expression
would be regulated during macrophage polarisation and activation, and that this
would have functional consequences. My main aims were to:

1. Profile and compare the expression of HS-associated genes in monocyte-
derived macrophages and macrophages polarised to represent different
activation states that might occur in vivo

2. Test the role of macrophage HS in immunological functions, with a specific

focus on 6-O-sulfate modifications driven by HS6ST1.
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Chapter 2: Materials and methods

2.1 Reagents

RPMI 1640 and foetal bovine serum (FBS, qualified heat-inactivated, 10500-064)
were from Gibco. Phosphate-buffered saline (PBS, 17-516F) and penicillin-
streptomycin (Pen-Strep, DE17-602E) were from Lonza BioWhittaker. Bovine
serum albumin (BSA, A7906) and ethylenediaminetetraacetic acid (EDTA) were
from Sigma-Aldrich. Tween-20 (663684B) was from BDH. Ethanol (E/0665DF/17)
and methanol (M/4056/17) were from Fisher Chemical. 96-well flat-bottomed plates
(353072) and 150 mm cell culture plates (353025) were from Falcon.6-well plates
(3516) and 12-well plates (3513) were from Corning Costar. Plasticware was from
Fisherbrand and Sarstedt.

All graphs were generated in GraphPad Prism Version 7.0b for Mac OS X,

GraphPad Software, San Diego, California USA

2.2 Cell isolation and culture

Platelet-depleted blood samples were obtained from healthy human donors who had
given informed consent to NHS Blood and Transplant at the time of donation for the
use of their blood in research. The 10ml buffy coat samples were made up to 100 ml
with Hank’s buffered saline solution (HBSS, Lonza, BE10-543F), and 25 ml of
diluted blood residue pipetted carefully onto 20 ml of Ficoll Paque (Cytiva, 17-440-
03) in 50ml Falcon tubes, with care taken to preserve the interface between these two
liquids. Peripheral blood mononuclear cells (PBMCs) were enriched by density
gradient centrifugation by centrifuging the blood/Ficoll tubes at 430g for 40 min with

the brake off after which the white blood cell fraction is visible as a cushion at the
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interface between the two liquids. PBMCs were pipetted off, washed three times in
HBSS (with centrifugation at 500g for 10 min), then the pellet re-suspended in 30 ml
RMPI/1% FBS (%V/V). Monocytes were then purified by countercurrent centrifugal
elutriation with the loading rate set to 13 ml/min, and stepwise increases in the flow
rate performed after all cells were in the chamber. Forward and side scatter of
elutriated cells were monitored by flow cytometry, and monocytes collected when
the purity exceeded 80%, which typically occurred at flow rates of 18-22 ml/min.
The number of live monocytes was estimated by manually counting with trypan blue
using a haemocytometer, and plated at 1x10° cells/ml in 20 ml/150 mm plate, in
RPMI 1640 supplemented with 5% heat-inactivated FBS and 1% Penicillin-
Streptomycin (Pen-Strep) (%V/V), and recombinant human M-CSF (100 ng/ml;
Peprotech 300-25, or was a kind gift from Sir Marc Feldmann, University of Oxford)
(Schubert et al., 2019). Cells were cultured for 5 days at 37 °C, 21% O, 5% COa,
after which medium was aspirated and adherent cells were lifted by gentle scraping

in 1 mM EDTA in PBS.

2.3 Inflammatory stimulation of macrophages

After lifting and counting, live cells were re-plated at 1 x10%ml in RPMI 1640/10%
FBS/1%Pen-Strep (%V/V) and allowed to re-adhere overnight. The following
morning, medium was aspirated and replaced with fresh medium or that containing
LPS (100 ng/ml, InvivoGen, tlrl-3pelps) (Higuchi et al., 2016), and/or IFN-y (50
ng/ml, Peprotech, 300-02) (Rey-Giraud et al., 2012), or IL-4 (Peprotech, 200-04) and
IL-13 (Peprotech, 200-13) (both at 20 ng/ml) (Rogers et al., 2019) and incubated for

24 h.
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2.4 Sodium chlorate treatment

Fresh blood monocytes were cultured with M-CSF for 5 days as described above but
with the addition of 30 mM sodium chlorate (ThermoFisher Scientific 44408) in the
culture medium (Baeuerle and Huttner, 1986; Lucas and Mazzone, 1996). For
macrophage sodium chlorate treatment, cells were re-plated on day 5 of M-CSF
treatment as usual, with the addition of sodium chlorate at 30 mM in the culture
medium for 24 h, and then polarisation for a further 24 h in medium containing

sodium chlorate plus IFN-y and/or LPS and IL-4/IL-13 as in Section 2.3 above.

2.5 siRNA knockdown

At the point of re-plating, between 1 and 10 x10° M-CSF-differentiated macrophages
were suspended in 200 pl nucleofector buffer (Amaxa Human Macrophage
Nucleofector kit, Lonza, VVPA-1008) containing 10, 50, or 100 nM siRNA targeting
HS6STI (Ambion Silencer Select siRNA, 4390824), or non-targeting control
(Ambion Silencer Select negative control siRNA, 4390844), or no siRNA as a
buffer-only control. Cells were electroporated using the setting Y-001 on the Amaxa
nucleofector II, then adjusted to 1 x10° cells/ml RPMI 1640/10% FBS/1% Pen-Strep
and incubated for the desired time point, either in flat-bottomed multi-well plates or

on gelatin-coated coverslips (Section 2.13).

2.6 Cell lines

The monocytic cell lines U937 and THP1 (laboratory stocks, from American Type
Culture Collection) were maintained in RPMI 1640/ 10% FBS/ 1% Pen-Strep and
split regularly. To induce maturation to a more mature macrophage-like phenotype,

cells were stimulated with phorbol 12-myristate 13-acetate (PMA, 100 ng/ml, Sigma-
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Aldrich P1585) overnight. After siRNA electroporation of THPI1, cells were re-

suspended in media with or without PMA and cultured for 24, 48, or 72 h.

2.7 Crystal violet viability assay

After electroporation with siRNA, primary cells were adjusted to 1 x10° cells/ml in
96-well flat-bottomed plates and cultured for 24, 48, or 72 h. Media were aspirated,
cells washed in PBS, and incubated in crystal violet solution of 0.5% crystal violet
(Sigma-Aldrich, C3886) and 20% methanol in H,O for 20 min at room temperature.
Cells were washed 4 times with 200 pl deionized water per well and the plates
allowed to dry overnight before cells were solubilized with 100 pul methanol per well
and absorbance at 570 nm quantified using a FluoSTAR Omega plate reader (BMG
Labtech). Absorbance readings were averaged across three replicate wells per

condition and expressed as a percentage of the untreated control for each donor.

2.8 MTS viability assay

At the relevant time point, 20 pl/well of (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) reagent
(Promega, G109A) was added to 1 x10° cells grown in 96-well flat-bottomed plates.
Plates were returned to the incubator for 30 min, then the absorbance at 495 nm read
using a FLUOStar Omega plate reader (BMG Labtech). Absorbance readings were
averaged across three replicate wells per condition and expressed as a percentage of

the untreated control for each donor.
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2.9 RNA isolation

RNA was isolated using the RNeasy minikit (QIAgen 74106) according to
manufacturer’s instructions, including the optional DNase digestion step using the
RNase-free DNase set (Qiagen 79254). The eluted RNA was quantified on a
Nanodrop 100 spectrophotometer (ThermoFisher Scientific). Purity and quality of
the RNA samples were determined by assessing the concentration, and optical
density ratio of 260/280 and 260/230 to indicate contamination by protein and salt,
respectively. Yields were typically in excess of 30 ng/ul per 1 x10° primary
macrophages, with 260/280 values between 1.6 and 2.0 being considered sufficiently

pure.

2.10 Gene expression quantification by qPCR

100-500 ng total RNA was reverse transcribed to cDNA with a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems 4368814) according to
manufacturer’s instructions. For comprehensive profiling of HS-associated gene
expression, cDNA was amplified on a custom-designed TagMan array card
(ThermoFisher Scientific, 4342253) (Table 1). The abundance of target genes was
expressed as a fold change relative to the average expression level in monocyte
samples using the delta delta Ct method, with the average of the housekeeping genes
18§ and GAPDH used for normalization. Hierarchical clustering of relative
expression data to form a heatmap was performed in R using RColorBrewer and
gplots B using Canberra distance as the clustering metric. Code was adapted from
(Chanalaris et al., 2019). For individual gPCRs, cDNA was amplified in 384-well
plates (Greiner Bio-One Sapphire 785290) with 2x Universal PCR mastermix

(Applied Biosystems 4304437) and the relevant TagMan probe (ThermoFisher
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Scientific) (Table 2). Where genes from the array were run to confirm expression
patterns, the same probe sets were used for individual gPCRs as had been included in
the array (Table 1). /85 and GAPDH were again used as normalizing control genes,

with RPLP( additionally used in some experiments.

Table 1. Human primer/probe sets used in TagMan array cards

Chain elongation 6-O-sulfotransferases

EXT1 Hs00609162 ml HS6ST1 Hs00757137 ml
EXT?2 Hs00181158 ml HS6ST2 Hs02925656 ml
EXTL1 Hs00184929 ml HS6ST3 Hs00542178 ml
EXTL2 Hs01018237 ml Editing enzymes

EXTL3 Hs00918601 ml HSPE Hs00935036_ml
N-deacetylase/N-sulfotransferases |HSPE2 Hs00222435 ml
NDST1 Hs00925442 ml SULF1 Hs00290918 ml
NDST2 Hs00234335 ml SULF2 Hs01016476 ml
NDST3 Hs01128584 ml Core proteins

NDST4 Hs00224024 ml AGRN Hs00394748 ml
Glucuronyl C5-epimerase GPC1 Hs00892476 ml
GLCE [Hs00392011 m1 GPC2 Hs00415099 ml
2-O-sulfotransferase GPC3 Hs01018936 ml
HS2ST1 [Hs00202138 ml GPC4 Hs00155059 ml
3-O-sulfotransferases GPC5 Hs00270114 m1
HS3ST1 Hs00245421 sl GPC6 Hs00170677 ml
HS3ST2 Hs00428644 ml HSPG2 Hs00194179 ml
HS3ST3A1 [Hs00925624 sl SDC1 Hs00896423 ml
HS3ST3B1 [Hs00797512 sl SDC2 Hs00299807 ml
HS3ST4 Hs00901124 s1 SDC3 Hs01568665 m1l
HS3ST5 Hs00999394 ml SDC4 Hs00161617 ml
HS3ST6 Hs03007244 ml TGFBR3 Hs01114253 ml
Normalizing genes

18S Hs99999901 sl

RPLPO Hs99999902 ml

GAPDH Hs99999905 ml
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Table 2. TagMan primer/probe sets used for individual qPCRs

Primer/probe Primer/probe

Gene name set Gene name set

CD206 (MRC1) Hs00267207 CCL2 Hs00234140
CD209 (DC-SIGN) |Hs01588349 CXCLS8 Hs00174103
VEGFA Hs00900055 CXCL12 Hs02829207
CD274 (PD-L1) Hs00204257 CXCL1 Hs00236937
TGFB1 Hs00998133 IL6 Hs00174131
IL1B Hs01555410 NOS2 Hs01075529

2.11 Gel electrophoresis and immunoblotting

Cells were lysed in SDS buffer (0.2 g SDS, 5.0 ml 1M Tris.HCl pH 6.8, 1 ml
bromophenol blue (0.1%), 4 ml glycerol, 880 ul of 0.5 M EDTA) containing a
protease inhibitor cocktail (Sigma P8340) at 1:10 and 5% beta-mercaptoethanol
(VWR 0482). For analysis of phosphorylated proteins, sodium orthovanadate (Sigma
S6508) was also added (1:100) as a phosphatase inhibitor. Serum-free conditioned
medium was collected from the same cells and soluble proteins concentrated by
adding 100 pl trichloroacetic acid (TCA, Sigma 10699) and 1 ul FBS per 1 ml of
conditioned medium. After incubation at 4 °C overnight, samples were centrifuged
(13000 rpm, 15 min), the supernatant discarded and the pellet resuspended in 100 pl
reducing SDS sample buffer. All samples were boiled for 5 min then briefly
centrifuged before equal volumes were loaded into wells of 10 % Tris-Glycine gels
(Table 3) and run at 125 V for 2.5 h. PageRuler prestained protein ladder
(ThermoFisher Scientific 26616) was run simultaneously and used as a molecular
weight marker. Following gel electrophoresis, proteins were transferred to PVDF
membranes using the TransBlot Turbo apparatus (BioRad 10026938) and transfer kit
(BioRad 170-4272) according to manufacturer’s instructions with the 7 min mixed

molecular weight setting. Membranes were blocked for at least 1 h in 5% milk
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(VWR 84615) in PBS, or 5% BSA for analysis of phosphoproteins, then incubated in
primary antibody at 1:1000 (except for pERK and pSTAT! where 1:2000 was
optimal) in relevant blocking buffer overnight at 4 °C on a shaker. The following
morning, membranes were washed for 90 min with PBS/0.1% Tween-20 before
incubation in the relevant secondary antibody (1:5000 or 1:10000 for anti-mouse) in
blocking buffer for 1 h at room temperature on a shaker. Membranes were washed
for 90 min with PBS-Tween then for 5 min with PBS before ECL substrate (Bio-Rad
Clarity Western ECL substrate 170-5061) was applied for 5 min. Excess substrate
was removed by gentle squeezing under plastic film then the membrane transferred
to a cassette and exposed to photographic film (ThermoFisher CL-Xposure film
34090) in the dark room with a range of exposure times to determine the optimal
signal. For antibodies against total STAT1 and STAT6 it was necessary to use Can
Get Signal solution 1 for primary antibody and solution 2 for secondary antibody
(2BScientific NKB-101T), which were used in place of blocking buffer for antibody
incubation. Developed films were imaged on a scanner and the bands quantified

using Phoretix 1D software (TotalLab Quant).

Table 3. Recipe for 10% Tris-glycine gels for SDS-PAGE.

Recipe for 10% Tris-glycine gels

Lower gel Volume (ml)
H,0 15.90
30% acrylamide mix (Severn Biotech 20-2100-10) 13.30
1.5M Tris.HCI (pH 8.8) (made from Trizma base Sigma T1503) 10.00
10% SDS (Sigma L3771) 0.40
10% APS (Sigma A3678) 0.40
Tetramethylethylenediamine (TEMED) Sigma T9281 0.02
Upper gel

H,0 8.20
30% acrylamide mix 2.00
1.0M Tris.HCI (pH 6.8) 1.50
10% SDS 0.12
10% APS 0.12
TEMED 0.012
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Table 4. Antibodies used for western blotting, immunocytochemistry, and flow cytometry

Antibody Supplier Catalogue number |Dilution
rabbit anti-HS6ST1 Abcam ab106195 1:100
isotype control for rabbit anti-HS6ST1 [Abcam ab171870 1:100
mouse anti-actin Abcam ab3280 1:5000
mouse anti-pSTAT1 Invitrogen 33-3400 1:2000
rabbit anti-STAT 1 Cell Signaling Technology |9172S 1:1000
rabbit anti-pSTAT6 (Y641) Cell Signaling Technology |D859Y 1:1000
rabbit anti-STAT6 Cell Signaling Technology [9362S 1:1000
rabbit anti-p44/42 (pERK) Cell Signaling Technology |4370S 1:2000
anti-mouse-HRP Abcam ab6728 1:400
anti-rabbit HRP Abcam ab6721 1:400
anti-CD16 APC-Vio770 Miltenyi biotech 130-098-102 1:100
anti-CD14 PerCP Miltenyi biotech 130-094-969 1:100
anti-CD68-PE Miltenyi biotech 130-099-685 1:100
anti-CD80-PE Miltenyi biotech 130-117-795 1:100
anti-CD64-APC BD Pharmingen 561189 1:100
anti-CD163-APC Miltenyi biotech 130-100-612 1:100
anti-CD209-PE Miltenyi biotech 130-099-707 1:100
anti-mouse IgM Alexafluor 488 Biolegend 406522 1:500
anti-mouse IgG Alexafluor 488 Biolegend 405319 1:500
anti-rabbit AlexaFluor488 Invitrogen A11034 1:500
anti-heparan sulfate 3G10 amsbio 370260 1:100
anti-heparan sulfate 10E4 amsbio 370255 1:100

2.12 Flow cytometry

Conditioned medium was aspirated and cells incubated in 100 ul of 2 mM EDTA in
PBS per well of a 12-well plate for 10 min at 37 °C before being gently scraped with
a cell lifter and centrifuged (500g, 5 min). Cells were re-suspended in PBS
containing 1:100 eFluor450 fixable viability dye (Invitrogen 65-0863-14) at 100 pl
per 1x10° cells and incubated on ice for 20 min. Cells were washed in PBS then
centrifuged (500g, 5 min) and re-suspended in Fc-receptor blocking reagent
(Miltenyi 130-059-901) diluted at 1:5 in the recommended buffer (0.5% BSA and 2
mM EDTA in PBS) and incubated on ice for 15 min. For intracellular staining, cells
were washed in PBS, centrifuged (500g, 5 min) and re-suspended in 100 pl
Cytofix/Cytoperm reagent (BD Biosciences 554715) for 20 min then washed in 1ml

Cytofix/Cytoperm wash buffer before incubation with antibody (Table 4) at 1:100 in
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Cytofix/Cytoperm wash buffer for 30 min on ice. Cells were washed again in 1ml
Cytofix/Cytoperm wash buffer, centrifuged (500g, 5 min) and resuspended in 100 pl
of PBS.

For cell-surface staining, after FcR blocking the cells were washed in 1ml of PBS
then centrifuged (500g, 5 min) and re-suspended in PBS containing antibody (Table
4) at 1:100 with 100 pl per sample and incubated on ice for 30 min. Cells were
washed again in PBS, then the pellet resuspended in 100 pl 4% paraformaldehyde
solution (PFA, Sigma F8775) and incubated at room temperature for 10 minutes
before a final wash in PBS and pellets resuspended in 100 pl PBS.

For unconjugated antibodies, a second antibody incubation step was included for the
fluorescently-labelled secondary antibody (Table 4). Different concentrations of
primary and secondary antibody were trialled for optimum results. Samples were
stored at 4 °C before flow cytometry analysis on an LSR II (BD Biosciences). Data

were analysed using FlowJo software (BD Biosciences, Version 10.7.1 for Mac).

2.13 Immunostaining and confocal microscopy

After 5 days culture in M-CSF, monocyte-derived macrophages were transferred to
12-well plates containing gelatin-coated 18 mm coverslips (VWR 631-0153). Gelatin
coating was done by incubating coverslips on droplets of 0.1% w/v gelatin (Sigma
(G2625) dissolved in H,O for 20 min at room temperature, and then transferring the
coverslips to droplets of 1% glutaraldehyde in H,O for a further 15 minutes.
Coverslips were then transferred to droplets of 1 M ammonium chloride in H,O and
incubated for 15 minutes, before being placed gelatin face up in 12-well plates
containing 70% ethanol to sterilise the coverslips and kept at 4 °C. When ready to

use, ethanol was aspirated and coverslips washed several times in PBS and once in
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RPMI before transferring to fresh 12-well plates and adding cells. Cells were
allowed to re-adhere overnight, or were incubated for 24, 48, or 72 h time points,
before medium was aspirated and cells were washed in ice-cold PBS. Coverslips
were fixed in 4% PFA (Sigma F8775) for 10 minutes at room temperature, washed in
PBS, then blocked in 5% goat serum (Sigma G6767) 3% BSA in PBS for 1 h at room
temperature. Coverslips were washed again in PBS and cells permeabilised in 0.1%
Triton-X (BDH 306324N) in PBS for 15 min at room temperature, then washed in
PBS. Primary antibody targeting HS6ST1 (Abcam ab106195) was added at 1:100 in
block (5% goat serum 3% BSA), or cells incubated in blocking solution alone for no-
primary control staining, and incubated overnight at 4 °C. The following day,
coverslips were washed in PBS and incubated with secondary antibody (goat anti-
rabbit AlexaFluor 488 Invitrogen A11034) at 1:500 for 1 hour at room temperature.
Slides were washed in PBS then stained with 4’6-diamidino-2-phenylindole,
dihydrochloride (DAPI, Sigma-Aldrich, D9542) at 1:1000 and phalloidin-
AlexaFluor568 (Invitrogen A12380) at 1:40 in blocking buffer for 1 hour at room
temperature. Coverslips were washed in PBS and mounted on slides using 5 pl
mounting medium (Vectashield anti-fade mounting medium H-1000) per coverslip
and edges sealed with nail varnish. Slides were kept in the dark at room temperature
until imaging.

Images were captured on an Olympus confocal microscope (FV1200) using the 60x
objective lens under oil. For single plane images, scan speed was set at 10 pl/pixel
and laser power set to minimize both background staining and photo bleaching, and
kept consistent throughout each experiment. For z-stack images, the upper and lower

bounds were set such that the phalloidin staining was strongest in the middle slices
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and weaker at the extremes. Multiple slices were taken per field at consistent
intervals in the z-plane.

Image analysis was performed using ImageJ software (Fiji Version 1.0 for Mac OS
X). All quantification was performed on raw unadjusted images. For quantification
of total cellular HS6ST1 staining, z-stacks were projected into a single image using
the z-project tool in ImageJ and the sum slices setting. The freeform drawing tool
was used to draw around the outline of each cell in the phalloidin-AlexaFluor568
channel, then the shortcut command-shift-E used to paste this outline to the
corresponding position on the compressed image of the HS6STI1-AlexaFluor488
channel and the integrated density measured. The same outline was used to measure
integrated density of an area the same size adjacent to the cell but not including parts

of any other cells and this value subtracted for background correction.

2.14 Cytokine array

Conditioned media were collected from primary human macrophages 24 h after
HS6ST1 knockdown by siRNA electroporation, and applied to Proteome Profiler
Array XL (R&D systems ARY022B) according to manufacturer’s instructions. For
each donor, media from cells treated with 50 nM siHS6ST] and non-targeting siRNA
were developed on the same film with a 5 min exposure. The films from all three
donors were then scanned and quantified using TotalLab Quant software. The
average of the two duplicate pixel intensity values was plotted on a dot-line graph.
For the heatmap, the pixel intensity ratio was calculated by dividing the average
siHS6STI sample intensity value by the average non-targeting siRNA sample

intensity value for each donor for each cytokine — these fold changes were then

70



logged to the power of 2 to more symmetrically distribute the values around 0. The

heatmap was generated in GraphPad Prism.

2.15 Phagocytosis assays

Monocyte-derived macrophages were incubated at 37 °C with fluorescently-labelled
E. coli BioParticles (Invitrogen E2861) or zymozan Bioparticles (Invitrogen
723373), or latex beads (Polysciences 17154-10) that had been incubated in FBS for
24 h then washed and resuspended in PBS. For some experiments, corresponding
control samples were incubated on ice. Media containing unbound particles were
aspirated and cells lifted by 10 min incubation in 2 mM EDTA/PBS and gentle
scraping with a cell lifter. Cells were centrifuged (500g, 5 min) and re-suspended in
100 pl PBS containing eFluor450 fixable viability dye (Invitrogen 65-0863-14) at
1:100, then incubated on ice for 20 minutes. Cells were washed in 1 ml PBS then
resuspended in 100 pl 4% formaldehyde solution (PFA, Sigma F8775) for 15 min at
room temperature. Cells were washed again and resuspended in 100 pl PBS and

refrigerated until acquisition on an LSR II flow cytometer.

2.16 Migration assays using transwells and Celigo

THP1 cells were adjusted to 1 x10° cells/ml in culture media and 50 pl transferred to
the upper chamber of HTS Transwell-96 inserts with 8.0 um diameter pores (Corning
3374). The lower reservoir contained 235 pl media with or without MCP-1
(Peprotech 300-04). 50 ul cell suspension for each sample was added directly to 235
ul media for positive controls. Plates were incubated at 37 °C for 4 hours, with 10 pl
Hoechst (Life Technologies, 33432) added to each of the lower reservoirs or positive
control wells for the final 30 minutes. 150 pl from each of the lower reservoirs or

positive control wells was transferred to optical bottomed plates (Griener 655090)
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and the number of post-migratory cells per well quantified by the Celigo automated
plate reader (Celigo Image Cytometer, Nexcelom Bioscience).

For primary human monocyte-derived macrophages, after 5 days in culture with M-
CSF (100 ng/ml) the cells were lifted and adjusted to 1 x10° cells/ml in RPMI/1%
FBS/1% Pen-Strep and 100 pl cell suspension transferred to the top well of transwell
inserts. The lower reservoir contained 500 pl with or without 500 pM MCP-1. After
24 h incubation at 37 °C, the upper side of the transwell membrane was vigorously
scraped with a cotton-tipped swab moistened in PBS to remove adherent but non-
migrated cells, and then the post-migratory cells on the underside of the membrane
were stained with 300 pl/well crystal violet solution for 20 mins. Inserts were rinsed
under DI water until the water ran clear and then allowed to dry before being imaged

on an optical microscope.

2.17 Enzyme-linked immunosorbent assay (ELISA)

For quantification of secreted proteins in conditioned media of macrophages,
conditioned media collected at relevant time points was applied to sandwich ELISA
kits for TNF (BD OptEIA 555212), and IL-10 (Biolegend ELISA Max Human IL-10
430604) according to manufacturers’ instructions. Sandwich ELISAs for MCP-1
(CCL2) and IL-8 (CXCLS8) were formed by coating 96-well MaxiSorp plates
(Thermo Scientific 439454) with capture antibodies against MCP-1 (BD Pharmingen
555055) or IL-8 (BD Pharmingen 554716) at 1:500 at 4 °C overnight on a shaker.
Wells were washed 3 times with 200 pl/well PBS-0.05% Tween-20 then blocked in
200 pl/well 2% BSA and incubated for 1 hour at room temperature on a shaker.
Plates were washed 3 times in PBS-tween then diluted samples or dilution series of

cytokine standards for MCP-1 (Peprotech 300-04) or IL-8 (Peprotech 200-08) in
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0.5% BSA/PBS-tween applied and incubated for 2 hours. Plates were washed 3 times
in PBS-tween then incubated with biotinylated detection antibodies against MCP-1
(BD Pharmingen 554664) and IL-8 (BD Pharmingen 554718) at 1:1000 in 0.5%
BSA/PBS-tween. After washing 3 times in PBS-tween, plates were incubated with
streptavidin-HRP at 1:400 in 0.5% BSA/PBS-tween for 1 hour at room temperature
on a shaker. Plates were washed 3 times in PBS-tween before substrate was applied.
All ELISAs were developed using the OptEIA TMB substrate reagent set (BD
555214) and the reaction stopped by addition of 2 N H,SOs, after which absorbance
was immediately read at 450 nm and at 570 nm for plate correction using a
FluoSTAR Omega plate reader from BMG Labtech. ELISAs were performed in

duplicate for each sample and the average absorbance value used.

2.18 Statistical analysis

Data were analysed in Graphpad Prism software by either one-way unpaired
ANOVA with multiple comparisons using the two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli to correct for multiplicity, or paired t-tests, as
indicated in the figure legentds. Data sets with 4 or more values were tested for
normality using the Shapiro-Wilk normality test before performing these parametric
tests; where data sets had 3 or fewer values, normality was assumed. For t-tests, a p-
value of less than 0.05 was considered significant. For ANOVAs, the q values
represent p values for each comparison that have been adjusted for the false
discovery rate during multiplicity correction, and a value of less than 0.05 is

considered significant.
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Chapter 3: Polarisation of human macrophages and

profiling of HS-associated gene expression

3.1 Introduction

Because of the key role of HS in regulating numerous cytokines and chemokines as
well as growth factors, the expression of HS by immune cells is potentially of great
importance to immune regulation. As discussed in Section 1.5.3 of the Introduction,
macrophage heparan sulfate has not been thoroughly investigated but HS is known to
be involved in the signalling of many cytokines and growth factors, and its
biosynthesis in macrophages is regulated by inflammatory stimuli (Martinez et al.,
2015; Sikora et al., 2016). However, these previous reports did not comprehensively
profile expression of all the core proteins and enzymes required for HS biosynthesis
so the full extent of HSPG expression and the potential myriad roles of these GAGs
in macrophage function are unknown. My first aim was therefore to investigate
which HS associated genes are expressed by primary human macrophages, and how
these expression levels differ in macrophages exposed to different immunological
stimuli. I felt it was important to do this in a primary cell rather than a cell line,
which may not be representative of all aspects of physiological macrophage
functions. Macrophage polarisation remains a contentious issue in the field, with a
spectrum of activation states thought to be a more physiologically relevant model
than the traditional M1/M2 dichotomy (Chapter 1.2.2), yet in vitro polarisation with
defined combinations of stimuli remains a useful tool to interrogate macrophage
functions. I chose to model two opposing ends of the macrophage activation

spectrum from classically activated, pro-inflammatory M1-like macrophages, to

74



alternatively activated, anti-inflammatory M2-like macrophages (Figure 3.1). There
are many published methods to generate macrophages from human blood monocytes
in vitro, and here I used M-CSF, a process I will hereafter refer to as maturation.
These macrophages can then be induced to form different phenotypes by the
application of immunological stimuli including cytokines and bacterial products such
as lipopolysaccharide (LPS), which I hereafter refer to as stimulation, after which the
macrophages differ in measurable ways such as the abundance of various cell-
surface molecules and expression of different genes. I refer to this process of
phenotype change in response to stimuli as polarisation, and the differentially

expressed genes and proteins as polarisation markers.

Human peripheral
blood monocytes

Maturation
M-CSF

>
IL-4

. i IFN-y
Stimulation | pg / \“__13

Pro-inflammatory Anti-inflammatory
macrophage reparative macrophage
M1 markers Polarisation M2 markers

Figure 3.1 Schematic of experimental design.

Human peripheral blood monocytes were cultured in M-CSF to induce the change from non-adherent
monocyte to adherent macrophage, a process I refer to as maturation, which models the process that
would occur in vivo when these cells migrate from the bloodstream into tissues. Unpolarised M-CSF
macrophages were then exposed to bacterial and endogenous molecules, which I describe as
stimulation, an experimental step that represents exposure of macrophages in vivo to myriad
molecules that may be secreted by other cells of the body, such as cytokines, or released from
pathogens, such as LPS. Such molecules are detected by receptors on the macrophage surface and the
signalling pathways they activate lead to expression of various genes and cell-surface protein
molecules, which are quantifiable in vitro. This process by which stimulated macrophages acquire
different effector phenotypes is here referred to as polarisation.
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3.2  Monocyte-derived macrophage isolation and polarisation

I isolated monocytes from buffy coats from healthy human blood donors first by
enriching the PBMC fraction by density gradient centrifugation, then further
segregating the different white blood cell fractions by countercurrent centrifugal
elutriation (Chapter 2.2). The monocyte fraction was collected and cultured in the
presence of M-CSF for 5 days (Schubert et al., 2019). To investigate whether these
cells displayed a phenotype typical of human macrophages, I stained them for the
intracellular macrophage marker CD68 and found that in all three donors tested it
was expressed in near 100% of the cells (Figure 3.2). These ‘unpolarised” M-CSF-
differentiated macrophages were then polarised by stimulation with IFN-y (Rey-
Giraud et al., 2012) and/or LPS (Higuchi et al., 2016) or IL-4/IL-13 (Rogers et al.,
2019) for a further 24 h. Fresh medium without any stimuli was applied to the M-

CSF-only unpolarised control.

3.2.1 Validation of macrophage phenotypes by flow cytometry staining for
cell-surface markers

To validate my protocol for polarising M-CSF-differentiated macrophages to a pro-
or anti-inflammatory phenotype, I quantified the expression levels of several cell-
surface protein markers associated with IFN-y/LPS or IL-4/IL-13 stimulation (Figure
3.3). While there is considerable debate as to which cell surface markers best
describe pro- and anti-inflammatory macrophage phenotypes, I measured expression
of CD64 and CD80 as markers of the pro-inflammatory phenotype, and CD209 and
CD163 as markers of the anti-inflammatory phenotype (Ambarus et al., 2012;

Bertani et al., 2017). CD64 was strongly upregulated by IFN-y, whereas the co-
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stimulatory molecule CD80 was most highly expressed on those cells treated with
both IFN-y and LPS. CD209 (DC-SIGN) was highly abundant on the surface of only
those cells treated with IL-4 and IL-13, whereas CD163 showed variable expression
between treatment conditions and substantial variation in staining between different

blood donors.

A) Bulk cell population Doublet discrimination Live/dead staining

AL
0 T T T T
0 50K 100K 150K 200K 250K
FSC-A

T T T T T
50K 100K 150K 200K 250K
FSCA

B) anti-CD68-APC Isotype control
942 0.19

<10° 210°
10?4 10?4
0 0=
. ‘ ‘ ‘ , A R R R
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
FSC-A FSCA
)
100 — I Mm-csF
o
3 IFN-y
2
£ 50 B Ps
73
o
o -
2 Il 'FN-y/LPS
3
0 B L-4/1L-13

CD68

Figure 3.2 Human blood monocyte-derived macrophages were positive for the pan-macrophage
marker CD68.

The monocyte population was purified from buffy coats from healthy human blood donors, and
cultured with M-CSF (100 ng/ml) for 5 days. Adherent cells then received fresh medium either alone
or containing IFN-y (50 ng/ml) and/or LPS (100 ng/ml), separately or in combination, or IL-4 and IL-
13 (both at 20 ng/ml). After 24 h stimulation, cells were lifted, fixed and permeabilised, and stained
for the intracellular pan-macrophage marker CD68. A) Representative plots showing the gating
strategy applied to all samples, indicating the gating of the bulk cell population, doublet
discrimination based on forward scatter height and area, then live/dead discrimination by exclusion of
viability dye. B) The position of the CD68-positive gate was defined by the position of the isotype
control population for each donor, then applied across all samples. C) M-CSF-differentiated
macrophages with or without 24 h further stimulation were uniformly positive for CD68 (n=3 donors).
Error bars represent mean + SD.
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Parallel samples were stained with isotype control antibodies for CD68, CD64,
CD80, CD163 and CD209, and all showed MFIs comparable to the unstained control

samples, indicating limited non-specific binding.
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Figure 3.3 In vitro polarisation of macrophages induced expression of characteristic cell-surface
markers.

The monocyte population was purified from buffy coats from healthy human blood donors, and
cultured with M-CSF (100 ng/ml) for 5 days. Adherent cells then received fresh medium either alone
or containing IFN-y (50 ng/ml) and/or LPS (100 ng/ml), separately or in combination, or IL-4 and IL-
13 (both at 20 ng/ml). After 24 h stimulation, cells were lifted and stained without permeabilisation
with antibodies against CD64, CD80, CD163, and CD209. The same gating strategy was applied to
exclude doublets and dead cells as in Figure 3.2. The median fluorescence intensity (MFI) of all single
live cells was recorded for each sample and expressed as a percentage relative to the MFI of M-CSF-
only cells from the same donor (N=3 donors). Error bars represent mean = SD. Data were analysed by
one-way unpaired ANOVA with multiple comparisons.



3.2.2 Macrophages expressed messenger RNA for markers associated with
their polarisation

To further profile the different macrophage phenotypes I had generated, I quantified
the mRNA levels of several genes known to be induced by my chosen stimuli
(Martinez et al., 2006) in macrophages and monocytes from the same donors (Figure
3.4). In terms of markers for the pro-inflammatory phenotype, transcription of /L6
was moderately induced by stimulation with LPS, and significantly upregulated by
IFN-y and LPS together, whereas /L/B was induced most strongly by LPS alone.
Inducible nitric oxide synthase (NOS2) was significantly upregulated by IFN-y and
LPS together relative to all other treatment conditions. Finally, expression of the
macrophage mannose receptor (CD206), a marker of the anti-inflammatory
phenotype (Mia et al., 2014), was strongly and significantly upregulated only in the
IL-4/IL-13-treated samples, with LPS or IFN-y/LPS treatment depressing

transcription relative to M-CSF-only macrophages.
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Figure 3.4 In vitro stimulation of macrophages induced mRNA expression of characteristic
polarisation markers.

The monocyte population was purified from buffy coats from healthy human blood donors, and
cultured with M-CSF (100 ng/ml) for 5 days. Adherent cells then received fresh medium either alone
or containing IFN-y (50 ng/ml) and/or LPS (100 ng/ml), separately or in combination, or IL-4 and IL-
13 (both at 20 ng/ml). After 24 h stimulation, cells were lysed for RNA isolation and generation of
cDNA by reverse transcription. The relative mRNA expression levels of interleukin-6 (/L6),
interleukin-1p (/L1B), nitric oxide synthase 2 (NOS2) and macrophage mannose receptor (CD206)
were quantified and analysed using the AACt method. Data are presented as fold changes relative to
the average expression level in donor-matched monocytes. n=4 blood donors. Error bars represent
mean + SD. Data were analysed using an unpaired one-way ANOVA with multiple comparisons.
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3.2.3 ELISAs for secreted cytokines to confirm macrophage activation

To complete profiling of the macrophage phenotypes I had generated, I quantified
secretion of the cytokines TNF and interleukin-10 (IL-10) into the culture medium of
M-CSF-differentiated macrophages stimulated for 24 hours (Figure 3.5). I found that
high levels of TNF were secreted by cells exposed to LPS, as expected, and that IL-
10 was also most abundant in the conditioned medium of IFN-y/LPS- and LPS-

treated samples at this time point.
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Figure 3.5 Macrophages secreted IL-10 and TNF dependent on applied stimuli.

The monocyte population was purified from buffy coats from healthy human blood donors, and
cultured with M-CSF (100 ng/ml) for 5 days. Adherent cells then received fresh medium either alone
or containing IFN-y (50 ng/ml) and/or LPS (100 ng/ml), separately or in combination, or IL-4 and IL-
13 (both at 20 ng/ml). After 24 h stimulation, conditioned media were subjected to ELISA analyses to
quantify secretion of IL-10 and TNF. n=3 donors for IL-10 and n=5 for TNF. Error bars represent
mean + SD.
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33 Comprehensive profiling of HS-associated genes by microfluidic real-
time quantitative PCR array

Having confirmed that my protocols for monocyte isolation and culture yielded a
macrophage population that polarised to a range of different phenotypes in response
to applied stimuli, I set out to quantify the relative expression levels of all heparan
sulfate core proteins, and biosynthetic and modifying enzymes. To achieve this, I
used a custom-designed microfluidic qPCR array card containing primers for these
genes of interest and three housekeeping genes (Table 5). Because I found RPLPO to
be significantly LPS-responsive (Figure 3.6) 1 used only the average of 18S and
GAPDH, which were not regulated by any of the stimuli used. Expression levels of

HS-associated genes were calculated relative to the average expression level in

monocytes.

Table 5. HS-associated genes included in Tagman microfluidic array for qPCR.

HS core proteins HS N-deacetylase/N- | 3-O-
Perlecan (HSPG2) sulfotransferases sulfotransferases
Syndecan-1 (SDC1) NDSTI1 HS3ST1
Syndecan-2 (SDC2) NDST2 HS3ST2
Syndecan-3 (SDC3) NDST3 HS3ST3A
Syndecan-4 (SDC4) NDST4 HS3ST3B
Glypican-1 (GPCI) HS3ST4
Glypican-2 (GPC2) Glucuronyl C5 HS3ST5
Glypican-3 (GPC3) epimerase HS3ST6
Glypican-4 (GPC4) GLCE
Glypican-5 (GPC5) Editing
Glypican-6 (GPC6) 2-O-sulfotransferase | SULF1
TGFp receptor 3 (TGFBR3) | HS2ST1 SULF2
Agrin (AGRN) HPSE
6-0O- HPSE2
Chain elongation sulfotransferases
EXTI1 HS6ST1 Housekeeping
EXT2 HS6ST2 genes
EXTLI1 HS6ST3 18S
EXTL2 GAPDH
EXTL3 RPLPO
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Figure 3.6. Ct values of housekeeping genes in monocytes and polarised macrophages.

The monocyte population was purified from buffy coats from healthy human blood donors, and
cultured with M-CSF (100 ng/ml) for 5 days. Adherent cells then received fresh medium either alone
or containing IFN-y (50 ng/ml) and/or LPS (100 ng/ml), separately or in combination, or IL-4 and IL-
13 (both at 20 ng/ml). After 24 h stimulation, cells were lysed for RNA isolation and generation of
cDNA by reverse transcription. The Ct values for the housekeeping genes 18S, GAPDH and RPLPO
were analysed by one-way ANOVA with multiple comparisons, and all significant comparisons are
indicated. n = 7 donors for monocytes, n = 6 for M-CSF macrophages, and n = 4 for all other
treatment conditions.

The relative expression levels were subjected to cluster analysis according to the
most similar patterns of gene expression and displayed as a heatmap (Figure 3.7).
Where expression of genes was undetectable in monocytes, or was present in some
macrophage samples but not others, data were not included in the heatmap. The
monocytes were found clustered together, as were the M-CSF-differentiated
macrophages, while samples that had received IFN-y and LPS, either separately or in
combination, were mostly clustered together, and all but one of the IL-4/IL-13-
treated samples clustered together, and sat between monocytes and M-CSF
macrophages in terms of HS-associated gene expression patterns. The majority of
genes were upregulated by maturation from monocyte to macrophage, while a

smaller subset of genes were downregulated by M-CSF.
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Figure 3.7. Expression of heparan sulfate-associated genes altered with macrophage maturation
and polarisation. Legend on page 85.
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3.3.1 Macrophages differentially expressed heparan sulfate core proteins after
inflammatory stimulation

Comparing the Ct values for each of the core protein genes in M-CSF-differentiated
macrophages to the average Ct of the housekeeping genes 18S and GAPDH in each
sample enabled me to determine which core proteins were most abundantly
expressed in unpolarised macrophages at the mRNA level (Figure 3.8). The four
syndecans were in the top half of core protein genes for level of expression, whereas
the glypican family were generally less abundant. Out of the 13 heparan sulfate core
protein genes, only glypican-6 (GPC6) was not expressed in monocytes or
macrophages. Glypican-3 (GPC3) was not detectable in any monocyte samples but
was detectable in some macrophage samples. The relative expression levels of each
gene compared to the average in monocytes were plotted on individual graphs
(Figure 3.9). Of the 11 core proteins expressed in monocytes and macrophages, the
majority showed low expression in monocytes and subsequent upregulation after

maturation to macrophages by M-CSF.

Figure 3.7 Expression of heparan sulfate-associated genes altered with macrophage maturation
and polarisation.

The monocyte population was purified from buffy coats from healthy human blood donors, and
cultured with M-CSF (100 ng/ml) for 5 days. Adherent cells then received fresh medium either alone
or containing IFN-y (50 ng/ml) and/or LPS (100 ng/ml), separately or in combination, or IL-4 and IL-
13 (both at 20 ng/ml). After 24 h stimulation, RNA was extracted and the relative expression levels of
heparan sulfate-associated genes quantified using Tagman microfluidic arrays. Fold change in gene
expression for each sample was determined using the AACt method relative to the average level in the
monocyte samples, and the samples subjected to cluster analysis based on most similar patterns of
gene expression. The heatmap shows all HS-associated genes that were expressed in the majority of
samples; white squares indicate that the gene was undetectable in that sample. Increased expression
relative to monocytes is shown in red, no change shown in green, and downregulation relative to the
monocyte average shown in blue. n = 7 donors for monocytes, n = 6 for M-CSF macrophages without
further polarisation, and n = 4 for each of the stimulated conditions.
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Figure 3.8 Expression of heparan sulfate core proteins in M-CSF macrophages in order of
relative message abundance.

Ct values of HS-associated gene expression in M-CSF-matured macrophages were normalised to the
expression levels of the housekeeping genes 18S and GAPDH in each sample, yielding delta Ct
values. The negative of each delta Ct value has been plotted here, such that a greater bar height
indicates a higher average expression level in M-CSF macrophages. Where data points are absent,
expression of that gene was undetectable in one or more samples. n = 6 donors. Error bars represent
mean + SD.

Transforming growth factor receptor 3 (7GFBR3) was unique in showing significant
downregulation from monocyte to all other types of macrophage (Figure 3.9). Agrin
and perlecan showed reciprocal regulation, with agrin being induced by pro-
inflammatory stimuli and perlecan (HSPG2) being highly and significantly
upregulated only in the IL-4/IL-13-treated samples. Syndecan-1 and -2 showed
similar patterns of regulation, with highest expression in M-CSF-only and IL-4/IL-
13-treated samples. Syndecan-3 was not significantly regulated between different
types of macrophage, whereas syndecan-4 was strongly regulated by all stimuli with
a highest average fold change after LPS treatment. Glypican-1 and -4 showed
similar patterns of gene regulation, with the highest average fold change in M-CSF
and IL-4/IL-13-treated samples, whereas glypican-5 showed greatest induction by

LPS and IFN-y/LPS.
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Figure 3.9 Heparan sulfate core proteins were differentially regulated according to
inflammatory stimuli in macrophages.

Expression of heparan sulfate core proteins in human monocytes, M-CSF macrophages, and those
further stimulated with IFN-y, and/or LPS, or IL-4 and IL-13, was quantified by qPCR using
microfluidic arrays. Data were analysed using the AACt method relative to the average expression
level in monocytes, and plotted on individual graphs for each core protein gene.. n = 7 donors for
monocytes, n = 6 for M-CSF macrophages, and n = 4 for all other treatment conditions. Error bars
represent mean + SD. Data were tested for normality using the Shapiro-Wilk normality test, then

analysed by one-way unpaired ANOVA with multiple comparisons.
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3.3.2 Macrophages differentially expressed heparan sulfate biosynthetic
enzymes after inflammatory stimulation

The fold change in expression of HS biosynthetic enzymes relative to the average
level in monocytes was compared between macrophages treated only with M-CSF
and those with additional stimulation (Figure 3.10). Of the family of enzymes
responsible for biosynthesis of the heparan sulfate backbone, both protein isoforms
of extostosin (EXT) were expressed, and two of the three isoforms of exostosin-like
(EXTL) were expressed. EXT1 and EXT2 showed reciprocal regulation, with EXT
being downregulated during maturation from monocyte to macrophage, whereas
EXT?2 was significantly upregulated. EX7TL2 showed significant upregulation from
monocyte to macrophage, and was highly induced by IFN-y/LPS in some donors. Of
the four N-deacetylase N-sulfotransferase (NDST) enzymes, isoforms 1 and 2 were
expressed in monocytes and macrophages, whereas isoforms 3 and 4 were
undetectable in all samples. NDSTI showed significant upregulation during
maturation from monocyte to macrophage, whereas the average level of NDST2
expression remained consistent between monocyte and M-CSF macrophage but then
showed significant induction by LPS. The epimerase (GLCE) showed significant
upregulation from monocyte to macrophage, then was generally downregulated again
after exposure of cells to IFN-y and/or LPS. Only one of the two protein isoforms of
mammalian heparanase (HPSE) was expressed and showed no significant change
during maturation from monocyte to macrophage but was downregulated after

exposure to inflammatory stimuli, most dramatically after [FN-y treatment.
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Figure 3.10 Heparan sulfate biosynthetic enzymes were differentially regulated according to
macrophage maturation and polarisation.

Expression of heparan sulfate biosynthetic enzymes in human monocytes, M-CSF macrophages, and
those further stimulated with IFN-y, and/or LPS, or IL-4 and IL-13, was quantified by qPCR using
microfluidic arrays. Data were analysed using the AACt method, relative to the average expression
level in monocytes, and plotted on individual graphs for each gene. n = 7 donors for monocytes, n = 6
for M-CSF macrophages, and n = 4 for all other treatment conditions. Error bars represent mean + SD.
Data were tested for normality using the Shapiro-Wilk normality test, then analysed by one-way
unpaired ANOVA with multiple comparisons.
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3.3.3 Macrophages differentially expressed sulfotransferase enzymes after
inflammatory stimulation

The fold changes of expression level of the heparan sulfate O-sulfotransferases in
each of the different macrophage types relative to the average in monocytes were
plotted on individual graphs for each gene (Figure 3.11). The 2-O-sulfotransferase
(HS2STI1) was significantly upregulated during maturation from monocyte to
macrophage in response to M-CSF, and showed some further changes after
additional stimulation but this was variable between donors. Of the seven protein
isoforms of heparan sulfate 3-O-sulfotransferases, HS3ST1, HS3ST3A, and HS3ST3B
were expressed in the majority of samples, although HS3S734 was not detectable in
all donors. HS3ST1 showed a high fold induction during M-CSF-induced maturation
of monocytes, whereas there were no significant differences between monocytes and
macrophages in the other two isoforms detected. HS3ST3B showed strong
upregulation in response to LPS although this was highly variable between donors.
Of the four protein isoforms of heparan sulfate 6-O-sulfotransferase, only HS6ST/
was detectable in monocytes or macrophages and showed significant upregulation in
response to M-CSF, with varying degrees of further downregulation in response to
additional inflammatory stimuli. Of the two sulfatase enzymes that act to remove 6-
O-sulfate groups from HS chains on the cell surface, SULFI was not detectable in
any samples, while SULF2 showed significant downregulation from monocyte to all

types of macrophage.
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Figure 3.11 Heparan sulfate sulfotransferases were differentially regulated according to
macrophage maturation and polarisation.

Expression of heparan sulfate sulfotransferases and de-sulfatases in human monocytes, M-CSF
macrophages, and those further stimulated with IFN-y, and/or LPS, or IL-4 and IL-13, was quantified
by qPCR using microfluidic arrays. Data were analysed using the AACt method relative to the average
expression level in monocytes, and plotted on individual graphs for each core protein gene. n = 7
donors for monocytes, n = 6 for M-CSF macrophages, and n = 4 for all other treatment conditions.
Error bars represent mean = SD. Data were tested for normality using the Shapiro-Wilk normality test,
then analysed by one-way unpaired ANOVA with multiple comparisons.
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3.3.4 The monocytic cell lines THP1 and U937 express many of the HS-
associated genes detected in primary monocyte-derived M-CSF macrophages

I also profiled expression of HS-associated genes in the monocytic cell lines THP1
and U937, to evaluate whether these could model the responses seen in primary cells.
THP1 and U937 were stimulated overnight with PMA to induce maturation to a
pseudo-macrophage phenotype including adhesion to the plastic cell culture plates.
The same Tagman microfluidic array cards were used to quantify relative expression
of HS-associated genes in these cells, and showed that all of the genes detected in
primary M-CSF-differentiated macrophages were expressed in at least one of the two
cell lines (Figure 3.12), indicating they could be useful as a model for macrophage

HS biosynthesis and functions in future experiments.
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Figure 3.12 The monocytic cell lines THP1 and U937 showed similar expression levels of HS-
associated genes to primary M-CSF-differentiated macrophages.

THP1 and U937 cells were stimulated with 100 ng/ml of PMA overnight to induce maturation to a
macrophage phenotype, and primary human monocytes were cultured for 5 days with M-CSF.
Adherent cells were lysed for RNA isolation and generation of cDNA. The relative expression levels
of HS-associated genes were quantified using the same microfluidic qPCR array cards as for primary
monocyte-derived macrophages and compared to the average Ct of the two housekeeping genes /8S
and GAPDH for each sample to yield delta Ct values. Negative delta Ct values are plotted here so that
a higher bar on the bar graph represents a higher relative level of expression of that gene. Where bars
are missing, the gene was undetectable in that cell type. n = 4 blood donors for primary monocyte-
derived macrophages; n = 6 independent samples for the cell lines. Error bars represent mean + SD.
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3.4 Detection of cell-surface heparan sulfate using antibodies

Based on the transcriptome analysis of HS-associated gene expression in monocytes
and polarised M-CSF macrophages and the strong differential regulation seen for
many of the biosynthetic enzymes and sulfotransferases, I predicted that the structure
and quantity of HS on the cell surface might differ between different phenotypes of
macrophage. To detect cell-surface heparan sulfate directly, I stained primary M-
CSF macrophages with the antibodies 3G10, which recognises the stub of HS
remaining after digestion with bacterial heparinase III (amsbio 370260), and 10E4,
which recognises a poorly defined epitope of the HS backbone (David et al., 1992)
(Figure 3.13). Thus, quantification of the staining with these antibodies by flow
cytometry should act as a surrogate measure of the number of HS chains, and the
total quantity of HS, respectively. However, my staining with 3G10 was on average
higher without heparinase III treatment, when epitope recognised by the antibody is
unlikely to have been produced. Moreover, the isotype control primary antibody
yielded strong staining compared to the unstained and no-primary controls,
suggesting there are non-specific interactions between the IgG2b class of antibody
and the macrophage surface. Similarly, 10E4 staining resulted in a fluorescence
signal as strong as the no-primary control, and heparinase III treatment, which should
destroy the epitope recognised by this antibody, did not abolish staining and in fact
increased it in one donor tested. These antibodies were thus not used further for

analysing macrophage heparan sulfate levels.
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Figure 3.13 Commercial anti-HS antibodies were ineffective at detecting macrophage cell-
surface HS chains.

M-CSF-differentiated human monocyte-derived macrophages were stained with the commercial
antibodies 3G10 and 10E4 and appropriate secondary antibodies, with or without heparinase III pre-
treatment (50 mU/ml, 100 ul/10° cells, 20 min, 37 °C) that should expose the epitope recognised by
3G10 and abolish the epitope recognised by 10E4. The median fluorescence intensity of all single live
cells for each sample was compared to that of the unstained control for each donor and expressed as a
percentage. Error bars represent mean = SD. n =2 or 3 donors.

3.5 Maturation and polarisation of monocyte-derived macrophages after
sodium chlorate treatment

Given the general upregulation of HS core proteins and biosynthetic enzymes I
observed upon maturation of primary human monocytes to macrophages in the
presence of M-CSF, I sought to determine whether an increase in cell-surface HS
expression is necessary for this maturation process to occur. Furthermore, the strong
and significant differences seen in HS biosynthetic enzyme expression between
macrophages polarised to M1-like or M2-like phenotypes led me to hypothesise that
different HS sulfation patterns might be involved in the polarisation process, perhaps
by acting as a co-receptor for the polarising cytokines IFN-y and IL-4, which can

both bind HS (Ori et al., 2011).
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3.5.1 M-CSF maturation of monocytes in the presence of sodium chlorate

To test the role of HS sulfation in monocyte to macrophage maturation, I cultured
fresh blood monocytes in M-CSF for 5 days, with or without the addition of 30 mM
sodium chlorate, to inhibit sulfation of HS chains (Bacuerle and Huttner, 1986;
Safaiyan et al., 1999). Cells were then lifted and stained for the pan-macrophage
marker CD68, the monocytic marker CD14, and the macrophage marker CD16
(Figure 3.14). There was no significant difference in CD68 expression between
untreated and sodium chlorate-treated macrophages in four donors, indicating that
these cells have not lost their macrophage phenotype in the absence of HS sulfation.
There were also no apparent differences in CD14 and CD16 expression between
treated and untreated cells in two donors. However, because I did not confirm that
sodium chlorate had abolished HS sulfation in these cells, I cannot conclude that M-

CSF maturation of monocytes to macrophages is not dependent on sulfated HS.
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Figure 3.14 Staining for protein markers of macrophage phenotype after sodium chlorate
treatment of monocytes. Human blood-derived monocytes were cultured with M-CSF (100 ng/ml)
for 5 days as before, but with or without the addition of 30 mM sodium chlorate. Cells were then
lifted and stained for analysis of marker expression by flow cytometry. A) Cells were fixed and
permeabilised before staining for the intracellular macrophage marker CD68 (n=4 donors). Control
versus sodium chlorate treated groups were not significantly different by paired t-test. B) Cell-surface
staining of macrophages for CD14 and CD16 (n=2 donors). Gating to select for live single cells was
performed as in Figure 3.2. Error bars represent mean + SD.
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3.5.2 Polarisation of monocyte-derived macrophages after sodium chlorate
treatment

To investigate whether the upregulation of HS biosynthetic enzymes during
monocyte to macrophage maturation with M-CSF, and the predicted increase in cell-
surface HS, is required for subsequent stimulation to induce a change in polarisation,
I incubated monocyte-derived macrophages with sodium chlorate for 24 h to abolish
sulfation of newly synthesized HS chains, then stimulated for a further 24 h with
IFN-y and or LPS, or IL-4 and IL-13 in the presence of sodium chlorate, or fresh
medium only as an unpolarised control. Sodium chlorate was retained during the
polarisation step to prevent re-expression of sulfated HS on the cell-surface during
this time. I then quantified the upregulation of prototypic pro- and anti-inflammatory
markers in these cells to determine whether cell surface HS contributes to the ability
of polarising stimuli to induce measurable phenotypic changes. By flow cytometry,
the pro-inflammatory markers CD80 and CD64 were detectable in all samples, being
most strongly induced by IFN-y/LPS or IFN-y alone, respectively (Figure 3.15).
There was no significant difference in the expression level CD80 when the MFI of
untreated cells was compared to that of sodium chlorate treated cells for each
polarising condition, but there was a significant decrease in the surface level of
CD64 in the chlorate-treated cells after IFN-y stimulation compared to the non-
chlorate treated IFN-y stimulated cells. The anti-inflammatory macrophage markers
CD163 and CD209 showed a trend towards reduced expression in chlorate-treated
cells regardless of the applied stimuli, which was significant for several stimuli but

also true of the unpolarised M-CSF control (Figure 3.15).
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Figure 3.15 Staining for protein markers of macrophage polarisation in stimulated sodium
chlorate-treated cells. Monocyte-derived macrophages were re-plated after 5 days culture in M-CSF
(100 ng/ml) as before, but with the addition of 30 mM sodium chlorate in the cell culture medium.
After 24 h, media were aspirated and replaced with fresh media containing IFN-y (50 ng/ml), LPS
(100 ng/ml) or IL-4 and IL-13 (both 20 ng/ml), or non-polarising control (labelled M-CSF) for a
further 24 h. Those cells cultured with sodium chlorate for 24 h also had sodium chlorate in the
medium for this polarising step, whereas the non-chlorate-treated control cells had only the polarising
stimuli. Cells were then lifted and stained for analysis of marker expression by flow cytometry, with
gating for live single cells performed as in Figure 3.2. n=3 donors. Error bars represent mean + SD.
All control versus sodium chlorate samples for each polarisation condition were analysed by paired t-
test, and all significant comparisons are shown where p<0.05 (*).

By qPCR, the sodium chlorate-treated cells upregulated the expected polarisation
markers associated with pro- and anti-inflammatory polarisation (Figure 3.16) with
no significant differences between treated and untreated cells except for an increase

in TNF message in response to IFN-y/LPS.
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Figure 3.16 Quantification of polarisation markers in stimulated sodium chlorate-treated cells.
Monocyte-derived macrophages were re-plated after 5 days culture in M-CSF (100 ng/ml) as before,
but with the addition of 30 mM sodium chlorate in the cell culture medium. After 24 h, media were
aspirated and replaced with fresh media containing IFN-y (50 ng/ml), LPS (100 ng/ml) or IL-4 and
IL-13 (20 ng/ml), or non-polarising control (labelled M-CSF) for a further 24 h. Those cells cultured
with sodium chlorate for 24 h also had sodium chlorate in the medium for this polarising step,
whereas the non-chlorate-treated control cells had only the polarising stimuli as in Figure 3.2.
Message levels of polarisation markers were quantified by qPCR, normalized to the housekeeping
genes 18S and GAPDH, and data expressed as a fold change relative to the expression level in non-
sodium chlorate-treated M-CSF macrophages. n=3 donors. Error bars represent mean = SD. Control
versus sodium chlorate samples were analysed by paired t-test, and all significant comparisons are
shown where p<0.05 (*).

However, a trend became more evident when the expression of pro-inflammatory
macrophage markers in response to IFN-y/LPS and of anti-inflammatory
macrophage markers in response to IL-4/IL-13 were plotted separately (Figure 3.17).
In all 3 donors, the upregulation of the M1 polarisation markers /L-6, IL-1, TNF,

CD274, and VEGFA in response to IFN-y/LPS stimulation was greater in the
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chlorate pre-treated samples than in the controls (Figure 3.17A). In contrast, the
upregulation of the anti-inflammatory markers CD209 and CD206 following IL-
4/IL-13 stimulation was lower in all 3 donors following chlorate treatment than in
controls (Figure 3.17B). TGFJf was an exception to this trend in that its upregulation
in response to IL-4/IL-13 was increased by chlorate pre-treatment rather than
decreased. However, since this gene was also upregulated by I[FN-y (Figure 3.16) it

is not an exclusive marker of anti-inflammatory macrophages.
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Figure 3.17 Pro- and anti-inflammatory polarisation markers were differentially affected by
sodium chlorate treatment. Selected data from the qPCR analysis of polarisation marker expression
in Figure 3.15 were plotted on individual graphs showing the relative expression of each marker in
control and chlorate-treated samples for each donor relative to the untreated M-CSF control (n=3). A)
Fold change in expression of pro-inflammatory markers IL6, ILIB, TNF, CD274, and VEGFA after
stimulation with IFN-y and LPS. B) Fold change in expression of anti-inflammatory markers TGFB,

CD209 and CD206 after stimulation with IL-4 and IL-13.
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3.6 Discussion

It is now common practice to purify white blood cell fractions using beads and
positive or negative selection. However, given the large numbers of monocyte-
derived macrophages I would need to perform the planned transcriptome analysis
and subsequent functional studies looking at the effect of manipulating HS
expression on macrophage functions, I decided to use the older method of
countercurrent centrifugal elutriation that gives a higher yield of less pure cells
(Turpin et al., 1986). Because monocytes but not lymphocytes adhere to plastic in
response to M-CSF, the maturation step provided a way to select for myeloid cells as
the small number of lymphocytes that may be present after elutriation are washed
away at the re-plating stage after 5 days. I found that the methods I used to mature
and polarise monocyte-derived macrophages successfully yielded populations of
cells with substantially different and polarised phenotypes, indicated by the

differential expression of pro- and anti-inflammatory markers that I measured.

Comprehensive profiling of HS-associated genes by microfluidic array card revealed
that many HS core proteins are expressed by monocytes and macrophages, and that
at least one isoform of enzymes in each step of the biosynthetic pathway was
expressed, indicating that macrophages have the potential to elaborate fully modified
HS. I found that the most abundant HS core proteins at the message level in M-CSF-
differentiated macrophages were syndecans-2 and -4, and glypican-4, which is
consistent with previous data showing abundant transcript for syndecan-2 in

monocyte-derived macrophages (Clasper et al., 1999), and that phospholipase-C
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treatment released sulfated GAGs from macrophages (Wegrowski et al., 2006),

indicating the presence of GPI-anchored core proteins.

When the transcriptome data were represented as a heatmap such that most similar
patterns of gene expression were clustered together, I found that all monocyte
samples from multiple donors clustered together and were most similar to the
unpolarised M-CSF-differentiated macrophages and the anti-inflammatory IL-4/IL-
13-polarised macrophages, consistent with previous reports that these M2-like cells
are similar to unpolarised macrophages (Martinez et al., 2006). Unexpectedly, the
IL-4/IL-13 sample from one donor segregated further away in the region of IFN-y
and/or LPS-stimulated samples. The reason for this is unclear, but as this donor on
the array was not among those used for polarisation marker quantification, it is
possible that macrophages from this donor did not polarise properly. This may be
due to cells being hyporesponsive to stimulation, perhaps due to previous activation
during acute infection of the donor, or because of chronic inflammatory disease
(Papoutsopoulou et al., 2019) or age of the donor, which in mice has been

demonstrated to reduce macrophage responsiveness (Yoon et al., 2004).

The majority of HS-associated genes were upregulated from monocyte to M-CSF
macrophage, suggesting that maturation is associated with a global increase in cell-
surface HS. This is consistent with a previous study of macrophage HSPGs showing
low levels of sulfated GAG in monocytes and increased GAG synthesis upon
maturation to macrophages (Wegrowski et al., 2006). Curiously, I found that the

message level of EXT] decreased from monocyte to macrophage, whereas EX72
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expression increased, which is surprising given that these two enzymes are thought
to act as a heterodimeric complex (McCormick et al., 2000). However,
downregulation of EXT/ from monocyte to macrophage has previously been reported
in response to GM-CSF (Trottein et al., 2009) so may represent a feature of

macrophage maturation.

Polarisation resulted in significant differences in the expression levels of many
genes, indicating that macrophages may alter their cell-surface HS in response to the
stimuli they encounter in the microenvironment. The core protein agrin was most
highly upregulated by LPS stimulation, whereas perlecan was strongly induced by
IL-4/IL-13, suggesting the existence of a pro/anti-inflammatory switch in the type of
HS core proteins expressed, although the relevance of such a switch to macrophage

functions has not been explored.

As previously seen in other cell types (Krenn et al., 2008), protein isoforms of the
same enzyme were regulated differently in macrophages by the stimuli used.
Expression of HS sulfotransferase protein isoforms has been shown to correlate with
variation in ligand binding (Ford-Perriss et al., 2002; Huynh et al., 2012), suggesting
that the isoforms may generate specific HS motifs with different ligand-binding
properties. It may be the case that the different HS structures produced assist in the
effector functions of macrophages required by a particular immunological challenge.
I observed a strong and significant upregulation of NDST/ upon maturation of
monocytes to macrophages, which suggests that maturation is associated with an

increase in N-sulfation of HS and thus the potential for increased downstream
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modifications such as O-sulfation as well. N-sulfated HS has previously been shown
to maintain macrophages in a quiescent state by inhibiting IFN- signalling (Gordts
et al., 2014), suggesting it may play an anti-inflammatory role by suppressing

activation of macrophages.

Inflammatory stimuli such as LPS and IFN-y have previously been shown to induce
upregulation of some enzymes in the HS biosynthetic pathway, such as HS3ST3B
(Sikora et al., 2016), and I observed similar increases in some but not all 3-O-
sulfotransferases with IFN-y and/or LPS stimulation. In contrast, the 2-O-
sulfotransferase (HS2ST1) was most highly expressed in IL-4/IL-13-polarised
macrophages in my hands, whereas 6-O-sulfotransferase-1 (HS6S7T1) was most
highly expressed in unpolarised M-CSF macrophages and its functional partner
sulfatase-2 (SULF2) was most abundant in monocytes. Overall it seems likely that
macrophages polarised with different stimuli have substantially different HS

structures.

I attempted to detect HS on the surface of M-CSF macrophages with antibodies, with
a view to subsequently comparing the binding of epitope-specific antibodies to pro-
and anti-inflammatory cells. However, the antibody 3G10 that recognises the stub of
HS left behind on the core protein after heparinase III treatment (David et al., 1992)
did not show the expected increase in staining after heparinase digestion of
macrophages. Moreover, the isotype control antibody resulted in substantially higher
fluorescence than for unstained or no-primary control samples, suggesting this

antibody type may be binding to something other than the HS epitope on
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macrophages. It seems unlikely that this would be the Fc-receptor however, as an
FcR blocking step was included in the staining protocol. I encountered similar
problems with the antibody 10E4 that recognises N-sulfated HS (David et al., 1992):
the fluorescence of stained cells was not much stronger than for unstained, was not
abolished by heparinase treatment, and was comparably strong in the no-primary
control cells. Further optimisation with the dilutions of primary and secondary
antibodies may have helped to improve detection of macrophage HS. Others have
reported an increase in 3G10 staining between monocytes and macrophages (Clasper
et al., 1999), indicating a greater number of HS chains, which is consistent with the
increased expression of biosynthetic enzymes I observed. Epitope-specific antibodies
have also shown differences in HS structure between pro- and anti-inflammatory
macrophages: the 2-O-sulfate specific antibody AO4B08 showed stronger staining of
anti-inflammatory macrophages than pro-inflammatory (Martinez et al., 2015),
which is consistent with my transcriptome data showing highest expression of
HS2STI message in IL-4/IL-13-stimulated macrophages. In the same study,
disaccharide composition analysis by HPLC confirmed the increased abundance of
2-O-sulfated disaccharides in anti-inflammatory versus pro-inflammatory
macrophages, correlating with the increased message level of HS2ST1 they reported.
At time of writing, samples of M-CSF-differentiated and polarised (IFN-y/LPS and
IL-4/IL-13) macrophages have been sent to a collaborator for disaccharide
composition analysis by mass spectrometry (Antia et al., 2018). It is hoped that these
data will reveal differences in pro- and anti-inflammatory HS structure and increase
our understanding of the correlation between the expression level of different HS

biosynthetic enzymes and the abundance of different sulfated motifs.
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Given the upregulation I observed for the majority of HS-associated genes during
monocyte to macrophage, it seemed plausible that monocyte to macrophage
maturation requires increased cell-surface HS. To test whether M-CSF-induced
maturation relies on sulfated HS, I cultured monocytes in sodium chlorate for the 5
day M-CSF period to inhibit sulfation of GAGs (Baeuerle and Huttner, 1986;
Safaiyan et al., 1999), and then stained for markers associated with monocyte to
macrophage transition. CD14 is a marker of the monocytic lineage whose expression
is maintained or slightly increased by M-CSF maturation (Asakura et al., 1996), and
CD16 is upregulated in M-CSF macrophages relative to monocytes (Ambarus et al.,
2012). I saw no obvious differences in the expression level of these markers in M-
CSF macrophages cultured in sodium chlorate relative to normal controls, indicating
that the ability of macrophages to mature in the presence of M-CSF was not
compromised by loss of GAG sulfation. Moreover, CD68 expression was not
significantly affected by sodium chlorate, showing that the cells were still committed
to the monocytic lineage. These results are not surprising as M-CSF is not thought to
bind to HS (Ori et al., 2011) and therefore its signalling should not be affected by

loss of HS sulfation.

I then hypothesised that the increased expression of HS-associated genes and
presumed increase in cell-surface HSPGs in M-CSF macrophages reflected a
requirement for HS for macrophage functions after maturation, such as the ability to
respond to immunological signals in the microenvironment. Indeed, IFN-y and 1L-4,

which I had used to generate pro- and anti-inflammatory macrophages, respectively,
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have both been reported to bind HS (Ori et al., 2011). I therefore tested whether pre-
treating cells with sodium chlorate to abolish HS sulfation affected the response to
polarising stimuli. I found that chlorate treatment significantly reduced IFN-y-
induced CD64 protein expression, but appeared to increase the upregulation of pro-
inflammatory markers at the message level. The reason for this discrepancy is not
clear, but may be because samples for flow and for gPCR were collected at the same
time point of 24 h after stimulation, but changes in protein expression would be
expected to take longer than changes in mRNA levels. Further investigation is
required as to the effect of chlorate treatment on IFN-y signalling, but as heparin
inhibits the interaction of IFN-y with its receptor (Sadir et al., 1998) it seems likely
that sulfated HS is inhibitory for IFN-y signalling and therefore that chlorate

treatment would increase it.

Chlorate-treated cells showed reduced upregulation of the anti-inflammatory markers
CD163, CD209, and CD206 at protein and message levels, suggesting that IL-4
signalling is compromised in HS-deficient cells. This is consistent with a previous
study showing reduced IL-4-induced upregulation of CD209 (DC-SIGN) in chlorate-
treated dendritic cells (den Dekker et al., 2008). However, M-CSF only controls also
showed decreased staining for CD163 and CD209, suggesting that chlorate treatment
may have altered macrophage phenotype more globally than just the responsiveness
to IL-4. I did not perform viability assays on chlorate-treated macrophages so it
remains possible that decreased cell viability can account for some of the reduced

marker expression.
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Overall I have shown that stimulation of human monocyte-derived macrophages with
different inflammatory stimuli leads to distinct phenotypes with associated profiles
of HS-associated gene expression. Treatment of macrophages with sodium chlorate
to inhibit HS sulfation appeared to alter the upregulation of polarisation markers, but
as I was unable to reliably detect HS with antibodies and other methods such as
HPLC were not available I cannot be sure that the time point or concentration of
sodium chlorate were sufficient to abolish sulfation of macrophage HS. Moreover, |
did not perform viability assays such as MTS, meaning that chlorate treatment could
have resulted in cell death or altered other cellular processes independent of the HS
sulfation status. Furthermore, these experiments were performed in only 3 donors
and no functional validation of changes in cytokine signalling was carried out. The
altered induction of polarisation markers in chlorate-treated cells suggests that
macrophage HS may be involved in regulating responsiveness to polarising

cytokines and calls for further investigation to illuminate this area.
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Chapter 4: The role of 6-O-sulfation of HS in macrophage

functions

4.1 Introduction

Following my initial qPCR screen of HS-associated gene expression in human
monocytes and polarised macrophages, I selected one gene in particular for further
study: heparan sulfate 6-O-sulfotransferase 1 (HS6ST1). Along with its protein
isoforms (HS6ST2 and HS6ST3), this enzyme can add a sulfate group to the 6™
carbon position of GIcNAc residues (Habuchi et al., 1995). This is unique among
heparan sulfate modifications in that it can be removed after the HSPGs have been
trafficked to the cell surface, a reaction catalysed by the sulfatase enzymes (SULF1
and SULF2) (Morimoto-Tomita et al., 2002). Expression of the sulfatase enzymes is
tightly regulated during development (Ohto et al., 2002; Ratzka et al., 2010) by
morphogens such as sonic hedgehog (Shh) (Dhoot et al., 2001), where they switch
the function of HS between activatory or inhibitory for a number of morphogens,
including members of the Wnt/B-catenin and TGF-/BMP families (Figure 4.1). The
proposed mechanism of activity of the morphogen Wnt is that it binds with high
affinity to 6-O-sulfated HS, which precludes binding to its signalling receptor
Frizzled. Removal of 6-O-sulfate groups by the SULF enzymes reduces the affinity
of Wnt for HS and thus enables interaction with its receptor, Frizzled (Ai et al.,
2003). Similarly, the BMP inhibitor Noggin binds to 6-O-sulfated HS, so expression
of SULFs and consequent reduction of 6-O-sulfation releases Noggin and enables
BMP to signal (Viviano et al., 2004). As discussed in Chapter 1.4, 6-O-sulfation has

also been identified as a particularly important HS modification for the signalling of
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many chemokines, cytokines, and growth factors. For example, the signalling of
FGF-2 requires an HS motif containing a 6-O-sulfate group (Rusnati et al., 1994) and
their removal via SULF2 digestion decreased signalling (Seffouh et al., 2013). The
binding site for IFN-y is also known to contain an abundance of 6-O-sulfate groups
(Vanhaverbeke et al., 2004). However, very little is known about the requirements
for 6-O-sulfation of macrophage HS and whether a similar 6-O-sulfate switch

regulates aspects of inflammation as it does development.

HS6ST downregulation
or SULF upregulation
= less 6-O-sulfate

HS6ST upregulation or
SULF downregulation
= more 6-O-sulfate

‘ FGF-2
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Figure 4.1 HS6STs and SULFs play reciprocal roles in regulating growth factor signalling.
6-O-sulfate groups of HS facilitate binding of factors including FGF-2 and VEGF and promotes their
signalling, so decreased biosynthesis of 6-O-sulfated HS or increased SULF activity would be
expected to decrease the activity of these growth factors. In contrast, 6-O-sulfated HS binds and
sequesters both Wnt and BMP bound to its inhibitor Noggin so desulfatase activity frees these ligands
to interact with their receptors.

4.2 HS6ST1 as a target gene for further study

According to my microfluidic array transcriptome analysis (Chapter 3.3.3), HS6ST1
and SULF2 were abundantly expressed in monocytes and macrophages, whereas the
other protein isoforms HS6S72, HS6ST3, and SULFI, were not detectable. This
means that I can be fairly confident that the overall level of 6-O-sulfation of

macrophage HS is solely under the control of HS6ST! and SULF2 in my
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experimental conditions. Moreover, 6-O-sulfotransferases act near the end of the
biosynthetic pathway so the consequences of abolishing HS6ST1 expression for
other aspects of HS biosynthesis should be minimal, making this gene a suitable

target for mechanistic studies of HS function in macrophages.

4.2.1 Validation of changes in HS6S71 expression upon macrophage maturation
and stimulation

To confirm the reciprocal regulation of HS6S7/ and SULF2 mRNA observed in the
qPCR screens in Chapter 3 (Chapter 3.3.3), I performed individual qPCRs with the
same TagMan probes as used on the array, with samples from other donors not
previously run on the array cards (Figure 4.2). These assays confirmed strong and
significant upregulation of HS6ST! during maturation from monocyte to
macrophage, and the subsequent downregulation of its expression upon further
stimulation. SULF2 was expressed in monocytes and significantly downregulated by
M-CSF and all other polarising stimuli. As before with the microfluidic array cards,
expression of HS6ST2, HS6ST3, and SULF1 were undetectable. These strong and
reproducible differences in separate qPCR settings and with a different subset of
donors validated my choice of HS6ST! as a candidate gene for further study. Given
that HS6STI was most highly expressed in M-CSF-differentiated macrophages
without further stimulation, I decided to focus on these ‘unpolarised’ macrophages

for further experiments.
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Figure 4.2 HS6ST1 and SULF2 showed reciprocal regulation during monocyte to macrophage
maturation.

Manual qPCR of HS6ST! and SULF2 in primary human monocytes and M-CSF-differentiated
macrophages with or without further polarisation. Where indicated, cells were polarised by treatment
for 24 h with LPS (100 ng/ml), IFN-y (50 ng/ml), or IL-4 and IL-13 (both at 20 ng/ml). Data were
analysed using the AACt method using the housekeeping genes 18S and GAPDH and expressed as a
fold change relative to the average expression level in monocytes. Error bars represent mean + SD.
Data were analysed by one-way ANOVA with multiple comparisons. All significant comparisons are
indicated, where q<0.0001 (****). Samples from 3 to 5 donors were analysed per condition.

4.2.2 Knockdown of HS6ST1

To begin investigating the role of 6-O-sulfation of heparan sulfate in macrophage
functions, I first optimized the knockdown of HS6ST! in primary human M-CSF-
differentiated macrophages. Initial attempts using transfection reagents such as
jetPRIME and DharmaFECT were unsuccessful due to the low cell numbers
stipulated in the protocol, and therefore I was unable to extract sufficient RNA for
qPCR. I also predicted that I would not have sufficient cells using this method for
subsequent experiments. Given the quantities of siRNA required by this method,
scaling up the quantities to knock down HS6ST! in more cells would have been
prohibitively expensive. Thus I turned to an alternative method of siRNA

transfection: electroporation using an Amaxa nucleofector apparatus with a buffer
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designed specifically for macrophages (Warwick and Usachev, 2017). The major
advantage of this method is that it is more cost-effective, as the cells are
electroporated in a cuvette in solution, meaning that knockdown can be performed in
up to 10 million cells in only 200 pl of nucleofector buffer and thus requiring only a
small quantity of siRNA. To investigate whether this method was sufficient to reduce
HS6STI at the message level, I tested three different concentrations of siRNA: 10,
50, and 100 nM, with non-targeting siRNA controls at the same concentrations
(Figure 4.3). I obtained significant knockdown by 24 h at all three concentrations
tested, and this was consistent across 6 independent experiments each using
monocyte-derived macrophages from different blood donors. The knockdown was
sustained at 48 and 72 h, although knockdown achieved with 10 nM siRNA was not
significant at 72 h. To investigate whether there were off-target effects of siHS6S7/
treatment, or whether there were compensatory changes in the expression levels of
other genes controlling 6-O-sulfation, such as the other HS6ST protein isoforms or
the sulfatase enzymes, I also quantified the relative expression levels of these genes
by qPCR. There were no significant changes in the expression levels of SULF2
(Figure 4.3), while HS6ST2, HS6ST3, and SULFI remained undetectable. In the
absence of upregulation of the other enzymes controlling the 6-O-sulfation,
knockdown of HS6ST1 is expected to lead to a reduction in 6-O-sulfation, provided
that macrophages turn over their cell-surface HS to replace it with newly synthesised

HS within this timeframe.
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Figure 4.3 Expression of HS6STI was reduced by siRNA transfection of primary human
monocyte-derived macrophages.

After 5 days of culture in M-CSF, monocyte-derived macrophages were re-suspended in nucleofector
buffer containing siRNA (10, 50, or 100 nM) targeting HS6STI, or non-targeting control, and the
mixtures electroporated in an Amaxa nucleofector apparatus. Cells were diluted to 1 million cells/ml
with RPM1/10% FBS/1% Pen-Strep and cultured for 24, 48, or 72 h. Media were aspirated and the
adherent cells washed in PBS before RNA was isolated and reverse transcribed to cDNA. Relative
expression of HS6ST1 and SULF2 were quantified by qPCR using the AACt method relative to the
three housekeeping genes 18S, GAPDH, and RPLPO and as a fold change compared to the buffer
control for each donor at each time point. (n > 3 blood donors). Error bars represent mean + SD.
Groups were tested for normality using the Shapiro-Wilk normality test, and siHS6ST! groups
compared to the non-targeting siRNA controls using a two-tailed paired student’s t-test. All
significant comparisons are shown where p<0.05 (*), p<0.01 (**), p<0.005 (***), and p<0.0001

114



The human monocytic cell line THP1 is a widely-used model for many monocyte
and macrophage functions. These cells grow in suspension like primary blood
monocytes, but can be activated by stimuli such as PMA that will induce them to
mature to a more macrophage-like phenotype, becoming larger and more adherent.
Because both forms of THP1 cell might be useful for functional studies, I tested
whether I could successfully knock down HS6ST! using the same method of
electroporation I had successfully applied in the primary macrophages (Figure 4.4).
THP1 cells were re-suspended in media with or without PMA to induce them to
mature and adhere after knockdown. I again tested different concentrations of
siRNA, and found that the knockdown was maintained over time by collecting

samples at 24, 48, and 72 h post-electroporation.
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Figure 4.4 Knockdown of HS6ST!I was achieved in THP1 cells.

THP1 cells were electroporated with 50 or 100 nM siRNA targeting HS6ST/, or non-targeting control
siRNA, then re-suspended at 1 million cells/ml in media with or without 100ng/ml PMA. After 24, 48,
or 72 h incubation, cells were collected for RNA extraction and qPCR. 18S and GAPDH were used as
the housekeeping genes, and relative gene expression assessed by the AACt method, with fold changes
expressed relative to the average in the buffer control samples at each time point. n=1 to 5 replicates
per condition. Error bars represent mean + SD.
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4.2.3 siRNA treatment did not affect cell viability

To determine whether knockdown of HS6ST! in primary macrophages had a
measurable effect on cell viability, I performed crystal violet assays to quantify the
proportions of adherent, and thus viable, macrophages in the different treatment
conditions at the three time points (Figure 4.5). In three donors, these assays showed
no significant effect of knockdown on cell viability, and also no significant effect of

electroporation in the nucleofector buffer compared to untreated control cells.
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Figure 4.5 Knockdown of HS6ST! did not affect macrophage viability.

After electroporation with siRNA, cells were cultured for 24, 48, or 72 h in RPM1/10% FBS/1% Pen-
Strep before incubation with crystal violet dye, followed by methanol solubilisation and quantification
of absorbance at 490 nm. Average absorbance per condition was expressed as a percentage of the
absorbance of untreated control cells (U) for each donor (n=3) at each time point. Error bars represent
mean + SD. Data were tested by one-way ANOVA with multiple comparisons, and no comparisons
were significant.

4.3 Detection of HS6ST1 protein

After knockdown of HS6STI by siRNA transfection, the reduction in HS6ST]
message was strong and significant by 24 h. However, it is possible that the turnover
time of the protein is much slower than this, and that knockdown would have no
meaningful effect on enzyme abundance and thus 6-O-sulfation of HS until later time
points. To quantify the relative amounts of HS6ST1 protein I tried several

techniques, including immunoblotting and immunocytochemistry.
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4.3.1 Detection of HS6ST1 protein by immunoblotting

Cell lysates and TCA-precipitated conditioned media from monocyte-derived
macrophages were run on SDS-PAGE gels, transferred to PVDF membranes, and
probed with several anti-HS6ST1 antibodies. However, neither colourimetric
(alkaline phosphatase, using Western Blue stabilised substrate for alkaline
phosphatase, Promega S3841) nor chemiluminescent (horseradish peroxidase)
detection produced specific bands at the expected molecular weight of 48.2 kDa.
SantaCruz mouse anti-HS6ST1 (sc-398231) resulted in no staining at all by
chemiluminescent detection, and R&D sheep anti-HS6ST1 (AF5057) produced high
background staining by chemiluminescent detection. An abcam rabbit anti-HS6ST1
antibody (ab106195) produced faint bands at approximately 48 kDa by colourimetric
detection, albeit with high background (Figure 4.6A). It has been reported that
HS6ST]1 can be shed into the extracellular space (Habuchi et al., 1995) so to prevent
potential loss of protein from the cells I treated PMA-activated THP1 cells with an
inhibitor of exocytosis, GolgiStop (BD Biosciences 554715), for 4 h. However, no
specific band was detectable from the lysates of these cells (Figure 4.6B) Lysing
cells in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS), reducing (R) SDS buffer, or non-reducing

(NR) SDS buffer gave similar results, with no strong, specific HS6ST1 bands.
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Figure 4.6 Attempts to detect HS6ST1 protein by immunoblotting.

Cell lysates from human monocyte-derived macrophages or THP1 cells were analyzed by SDS-PAGE
electrophoresis and immunoblotting for HS6ST1. A) M-CSF-differentiated macrophages were lysed
in equal volumes of RIPA or SDS buffer with (R) or without (NR) 5% beta-mercaptoethanol as a
reducing agent. Detection was performed with alkaline phosphatase and colourimetric detection. B)
THP1 cells were treated with PMA overnight before 4 h treatment with GolgiStop at 0, 2, or 4 ul per
million cells, and lysed in RIPA buffer or non-reducing SDS buffer. Detection was performed by
chemiluminescence.

4.2.2 Detection of HS6ST1 protein by flow cytometry with intracellular staining

I hypothesized that the antibody may not recognise the denatured HS6ST1 protein on
an SDS-PAGE gel so I thus tried methods in which the protein may be preserved in a
more native conformation, namely flow cytometry and immunocytochemistry. The
abcam rabbit anti-HS6ST1 antibody I used (ab106195) was not directly conjugated
so to perform flow cytometry I first tested different concentrations of primary and an
AlexaFluor488-conjugated anti-rabbit secondary antibody (see Table 4, Chapter 2.11
for antibody details), using THP1 cells as a convenient model cell (Figure 4.7A). The
results from my initial antibody titration assay indicated that dilutions of 1:100 for
the primary antibody and 1:500 for the secondary antibody gave strong staining, with

all cells showing as positive and a high median fluorescence intensity (MFI), while
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the no-primary control showed minimal staining. However, when I repeated the
staining using these antibody dilutions and including an isotype control antibody
(ab171870) matched to the anti-HS6ST1 primary, I found that all cells fell within the
positive gate whether they had full staining, isotype control antibody, or even no
primary antibody (Figure 4.7B). Additionally, the MFI of cells stained with the
isotype control was much higher than that of the cells stained with anti-HS6ST]I.
This suggested that these antibodies bind to the THP1 surface in an antigen-
independent manner. A step to block Fc receptors was included as part of sample
preparation, so interaction of the Fc region with these cell-surface receptors seems
unlikely to be the problem. I repeated the experiment with additional washes
between each staining step to remove any non-specifically bound antibody but with

the same results.
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Figure 4.7 Intracellular staining of THP1 cells for HS6ST1 by flow cytometry.

THP1 cells were fixed and permeabilised before staining with anti-HS6ST1 primary antibody and
AlexaFluor488-conjugated secondary antibody, then staining quantified by flow cytometry. A)
Titration of different primary and secondary antibody concentrations, n=1 sample per condition. B)
Primary antibody or isotype control at 1:100 dilution and secondary antibody at 1:500 dilution (n=3).
Error bars represent mean = SD.
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4.3.3 HS6ST1 immunocytochemistry optimization

I decided to try another method for detection of HS6ST1 protein. Macrophages,
being strongly adherent cells, are ideal candidates for visualization by microscopy, as
they will grow on glass coverslips, which can then be stained and mounted on
microscope slides. 1 coated the coverslips with gelatin before seeding the
macrophages to encourage the formation of cell-matrix interactions and cell
spreading to mimic their morphology in physiological settings. After allowing the M-
CSF-differentiated macrophages to adhere to the coverslips for 24 h after seeding,
they were washed, fixed, permeabilised and stained with abcam rabbit anti-HS6ST1
(ab106195) and fluorescently labelled anti-rabbit secondary antibody, and DAPI and
phalloidin for visualization of the nucleus and cytoskeleton, respectively. Images
were then acquired in a single plane on an Olympus confocal microscope with 60x
magnification (Figure 4.8). Although there was high background staining in the
HS6ST1 channel, the no-primary control showed minimal staining indicating there is
limited non-specific interaction of the secondary antibody in this context, unlike the
similar fluorescence intensities observed between stained and no-primary controls by
flow cytometry (Figure 4.7B). The staining in cell areas, defined by phalloidin
staining, was much stronger than the background staining, suggesting that
immunofluorescence microscopy might present a way of quantifying HS6ST1

protein if background correction were performed.
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Figure 4.8 Staining of HS6ST1 protein in primary human macrophages visualised by confocal
microscopy.

After 5 days in culture with M-CSF, human monocyte-derived macrophages were seeded at 1 million
cells/ml on gelatin-coated coverslips and cultured for 24 h. Coverslips were washed in PBS, fixed, and
the cells permeabilized before intracellular staining of HS6ST1 protein with rabbit primary antibody
at 1:100 and AlexaFluor488-labelled anti-rabbit secondary antibody at 1:500. Nuclei were stained
with DAPI and the actin cytoskeleton with phalloidin-568. Images were captured on an Olympus
confocal microscope with the 60x objective.
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To more accurately quantify total intracellular HS6ST1 protein, several slices in the
Z plane were taken through the macrophage cell layer in each of the three channels
(Figure 4.9A). Each z-stack was the compressed into a single image representing the
total staining intensity, which could then be quantified. The boundary of each cell
was defined in the phalloidin channel then copied across to the same location in the
HS6ST1 channel, and integrated density measured. The same area was quantified
adjacent to the cell but not overlapping with any other cells, and this value was
subtracted for background correction (Figure 4.9B). All whole cells in at least 10
fields of view were quantified for both HS6ST1 staining and no-primary control
samples. This revealed a strong and significant difference between the mean
integrated density of stained samples and that of the no-primary control (Figure
4.9C). However, although this result suggests there is negligible non-specific binding
of the secondary antibody, it does not prove the specificity of the anti-HS6ST1
primary antibody. To investigate the antibody’s specificity, I applied this same
method of staining and image capture and quantification to samples that had been
electroporated with siHS6ST1, non-targeting control siRNA, or buffer alone, 24, 48,
or 72 h prior to staining (Figure 4.10). Despite successful knockdown of HS6ST! by
siRNA electroporation confirmed by qPCR (Figure 4.10C), there was no change in
staining intensity with the HS6ST1 antibody in siHS6ST-treated samples compared
to non-targeting or buffer control samples. This result indicates that either
macrophage HS6ST1 protein is not turned over and therefore loss of HS6ST/ mRNA
has no effect on its abundance, or the anti-HS6ST1 antibody binds non-specifically

to something other than the target enzyme.

123



A) Slice number 1 2 3 4 5 6 7 8

DAPI

HS6ST1

Phalloidin

B) . Phalloidin HS6ST1

*kkk

C) 200+

150- o

100+

504

Integrated density units/cell

anti-HS6ST1 no-primary control

Figure 4.9 Maximum intensity Z-projections from confocal imaging were quantified for total
intracellular HS6ST1 protein staining.

M-CSF-differentiated macrophages plated on gelatin-coated coverslips and stained intracellularly for
HS6ST1 were visualised by confocal microscopy, taking 8 slices at 5 um apart per channel. These z-
slices were then projected into one image using the Sum Slices tool in ImageJ for quantification of
total intracellular staining. A) Representative images obtained from one field of view showing the 8
slices in the three different channels. B) Representative images demonstrating gating strategy applied
to all z-stacks: cell outline drawn in the phalloidin channel (AlexaFluor568), then transferred to the
same position in the HS6ST1 channel (AlexaFluor488) and integrated density of the cell area
measured. Integrated density of an adjacent area not including any other cells was subtracted from
each cell reading for background correction. C) Z-stack images from a minimum of 10 fields of view
were quantified for cells stained with anti-HS6ST1 or no-primary controls. Each dot represents the
background-corrected integrated density of a single cell. Data sets did not pass the Shapiro-Wilk
normality test so the two groups were analysed by two-tailed Mann-Whitney test. P<0.0001 (***%*).
N=1 donor. Error bars represent mean + SD.
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Figure 4.10 Quantification of confocal images after HS6STI knockdown in primary
macrophages.

M-CSF macrophages from one blood donor were electroporated with 50 nM siRNA targeting
HS6ST1, a non-targeting control siRNA, or buffer-only control, and plated on gelatin-coated
coverslips at 1x10°/ml. After 24, 48, or 72 h in culture, the coverslips were washed and the cells fixed,
permeabilised, and stained, then images captured on an Olympus confocal microscope with z-slices at
1 um intervals. A minimum of 5 fields of view was quantified for each sample condition. Scale bars
20 um A) Representative maximum intensity z-projections from 24 h time point showing HS6ST1
staining only and merged image with DAPI (blue) and phalloidin (red). B) Quantification of z-stacks
was performed as in Figure 4.9 with background subtraction, where each dot represents the
background-adjusted integrated density for one cell. Error bars represent mean + SD. C) HS6ST!
quantified by qPCR. n=1 donor.
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4.4 Contribution of HS6ST1 to phagocytosis by macrophages

I next considered functions of macrophages in which 6-O-sulfation of HS might be
involved. Phagocytosis of pathogens is an essential macrophage function, and there
is some evidence that heparan sulfate is involved in this process (Chapter 1.5.2.1).
HS may act as a co-receptor for the conventional phagocytic receptors, perhaps
capturing pathogens on the surface through electrostatic attraction. Alternatively, it is
possible that HS inhibits the uptake of some pathogens by blocking access to their
receptor. I thus optimised phagocytosis assays to investigate the role of 6-O-sulfation

in phagocytosis by macrophages.

4.4.1 Optimization of phagocytosis assays

I first optimised an assay using flow cytometry that would enable me to quantify the
uptake of fluorescently labelled substrates. M-CSF-differentiated monocyte-derived
macrophages were incubated with FITC-labelled E. coli or zymozan bioparticles to
represent bacterial and fungal pathogens, respectively, and samples acquired by flow
cytometry (Figure 4.11). Representative images of the gating strategy used are
shown in Figure 4.11A: debris were gated out using forward and side scatter, then
live cells selected on the basis of viability dye exclusion. The position of the positive
gate was defined by the fluorescence of control cells that had not been exposed to
fluorescently labelled particles, such that less than 1% of live cells fell within the
positive gate. To investigate whether the particles were being internalized by
macrophages or simply adhering to the cell surface, control samples were placed on
ice for the same time period (Figure 4.11B) as the colder temperature should prevent

active internalization by the cells. The majority of cells were still positive for
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fluorescently labelled bioparticles even when they had been incubated on ice,
suggesting that there is a substantial contribution to the total signal of non-
internalized particles adhering to the cell surface. Measuring the MFI however
yielded greater separation between the samples incubated at 37 °C and their on ice
control (Figure 4.11C), indicating that MFI might be a better measure of

phagocytosis than the percentage of cells falling within the positive gate.
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Figure 4.11 Gating strategy for phagocytosis assays in primary human macrophages.
M-CSF-differentiated macrophages from one donor were incubated with fluorescently labelled E. coli
bioparticles then stained with viability dye and fixed before samples were acquired on an LSR II flow
cytometer. A) Dot plots of negative control samples not incubated with bioparticles showing gating
strategy applied to all samples. The position of the positive gate was defined by the negative control
population, such that the percentage of cells falling in the positive gate was less than 1. B) Dot plots
of representative samples incubated for 30 min with MOI of 10 E. coli particles, either on ice or at 37
°C. C) MFI of the same two samples: 10 bioparticles per cell incubated for 30 min on ice or at 37 °C.

127



To determine the optimal time point for uptake of E. coli or zymozan particles, and
the ideal number of particles per cell (multiplicity of infection, or MOI), I performed
a time course of uptake of different particle MOIs in macrophages from one blood
donor (Figure 4.12). As zymozan particles are much bigger than E. coli particles, |
used lower MOIs. Controls on ice were included for some time points in the E. coli
uptake experiment (Figure 4.12 A). All MOIs of E. coli at almost all time points
resulted in a universally positive population, and even the on-ice controls showed
substantial positivity, especially at higher MOIs. The differences between the MFI of
each MOI at 37 °C and on ice, however, were substantially different, further
supporting the use of MFI as a measure of phagocytosis rather than percentage
positive. Cells incubated with zymozan particles showed a much lower proportion of
positive cells (Figure 4.12B), but a high MFI was achieved by 60 min, especially at
higher MOIs. I decided on MOI 10 to reduce reagent consumption, and the time

point of 45 min.
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Figure 4.12 Primary macrophage phagocytosis of E. coli and zymozan changes over time and
with concentration.
After 5 days culture in M-CSF, monocyte-derived macrophages (n=1) were lifted and re-plated at 1
million cells/ml media and allowed to re-adhere overnight. Fluorescently-labelled E. coli or zymozan
bioparticles were then added to the media and cells cultured for 15, 30, 60, or 90 min at 37 °C (solid
lines) or on ice (dotted lines). Media were aspirated and cells lifted and stained with viability dye then
fixed before samples were acquired on an LSR II flow cytometer. Gating was done as in Figure 4.11.
A) E. coli bioparticles at MOIs of 10, 25, or 50 particles per cell. B) Zymozan bioparticles at MOIs of
1, 5 or 10 particles per cell.
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I then tested the uptake of E. coli and zymozan in primary macrophages 24 h after
electroporation with 10, 50, or 100 nM siRNA targeting HS6ST1, using MFI as a
measure of phagocytosis rather than the percentage of cells that fell within the
positive gate. The three biological repeats on three donors were performed at
different times, so to account for differences in laser brightness and sample storage
time I normalized the MFI values to that of the buffer control for each donor (Figure
4.13A). There was an apparent increase in uptake of E. coli in cells after
electroporation with 50 nM siRNA targeting HS6ST! compared to the non-targeting
control, although this difference was non-significant, whereas there was no effect of
knockdown on the uptake of zymozan. Knockdown was confirmed at the message
level in these donors by qPCR (Figure 4.13B) and was significant in all three donors.
Plotting the expression level of HS6STI mRNA against uptake of E. coli, both
relative to the uptake by buffer control from each donor, showed no significant
correlation when linear regression analysis was performed, with an R-squared value
of 0.03425 being not significantly different from zero (Figure 4.13C). It may be the
case that loss of 6-O-sulfation does not affect the uptake of E. coli or zymozan and
that heparan sulfate is not involved in phagocytosis of these substrates. Alternatively,
more than 24 h between siRNA electroporation and phagocytosis assay may be
necessary for the cell-surface HS to have been turned over sufficiently that the loss
of 6-O-sulfation becomes manifest, so I decided to repeat the E. coli uptake assay
after longer time points of HS6S7! knockdown. In addition, I added an alternative
form of phagocytic substrate to test alternative receptor pathways: fluorescent beads
that had been opsonised in FBS to represent antibody-dependent uptake of

pathogens.
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Figure 4.13 Phagocytosis of E. coli and zymozan bioparticles was not significantly altered by
HS6STI knockdown.

24 h after electroporation with 10, 50, or 100 nM siHS6ST1, non-targeting siRNA, or buffer alone,
monocyte-derived macrophages were incubated with fluorescently labelled E. coli or zymozan
particles at 10 particles per cell for 45 min before staining with viability dye, fixing, and sample
acquisition and analysis as in Figure 4.11. A) Relative MFI of all single live cells as a percentage of
the buffer control sample for each donor. There were no statistically significant differences in uptake
of E. coli or zymozan particles between siHS6ST1 and non-targeting samples by paired t-test. B)
gPCR of message levels of HS6ST! to confirm knockdown in these three donors (data also shown in
Figure 4.3) using the AACt method. Error bars represent mean = SD. C) For all siHS6ST1 (yellow
dots) and non-targeting siRNA (grey dots) samples from the three donors, relative MFI was plotted
against relative expression of HS6ST! and linear regression analysis performed. The R squared value
was 0.03425 and this was not significantly different from zero. n=3 donors.

4.4.2 Range-finding for FBS-opsonised beads
To determine the optimal MOI and time point for incubation of primary human
macrophages with FBS-opsonised beads, I incubated cells with different MOIs of the

bioparticles for 45 or 90 minutes before fixing the cells and quantifying cellular

fluorescence by flow cytometry as in Figure 4.11. To control for beads adhering to
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the surface but not being internalized, I placed one sample at 37 °C and a
corresponding control at 4 °C (Figure 4.14). There was some uptake of beads at all
MOlIs, with greater uptake relative to surface adherence at higher MOIs. Once again,
MFTI appeared a better measure of phagocytosis than percentage positivity, as the
difference between staining at 37 °C and 4 °C was generally greater. For further
experiments, I chose an MOI of 50 particles per cell at a time point of 45 minutes
because there was a strong but not maximal signal; this is important because any
effect of knockdown on phagocytic capacity may be masked if detection is not
within the linear range, and because it may be the case that knockdown increases

rather than decreases phagocytosis.
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Figure 4.14 FBS-opsonised bead phagocytosis by primary human macrophages.

Fluorescent bioparticles were opsonised with FBS overnight then washed in PBS before being added
to M-CSF-differentiated human monocyte-derived macrophages (n=1) at 10, 50 or 100 particles per
cell and incubated for 45 or 90 minutes at 37 °C (pink) or on ice (blue) then cellular fluorescence
measured by flow cytometry. Gating to select for live single cells was performed as in Figure 4.11.
The median fluorescence intensity and percentage of live single cells that were positive are shown,
with cells not exposed to fluorescent beads (0 min, black bar) as a control for autofluorescence.
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4.4.3 Time courses of uptake of E. coli and opsonised beads after HS6STI
knockdown in primary macrophages.

Because of the slight but not significant increase in E. coli uptake I observed after 24
h HS6ST1 knockdown with 50 nM siRNA (Figure 4.13A), I repeated this experiment
in three further donors and at additional time points of 48 and 72 h. Experiments
were also performed with FBS-opsonised beads to test the role of 6-O-sulfated HS in
an additional phagocytic pathway. 24, 48 or 72 h after electroporation with
siHS6ST1, non-targeting siRNA, or nucleofector buffer alone, there were no
significant differences in the uptake of fluorescently labelled E. coli or FBS-
opsonised beads (Figure 4.15), suggesting that HS, or at least 6-O-sulfation of HS, is

not involved in phagocytosis of these substrates.
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Figure 4.15 Phagocytosis of E. coli and opsonised beads over time after knockdown.

24, 48, or 72h after electroporation with 50 nM siRNA targeting HS6ST! or a non-targeting control,
or with buffer alone, cells were incubated with E. coli or FBS-opsonised beads at MOIs 10 and 50,
respectively. After 45 min cells were lifted, stained with viability dye and fixed before median
fluorescence intensity measured on flow cytometer. Gating to select for live single cells was
performed as in Figure 4.11. Data are expressed relative to the MFI of the buffer control for each
donor at each time point. n=3 donors. Error bars represent mean + SD. Data were analysed by one-
way ANOVA with multiple comparisons but no comparisons were significant.
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4.5 Effect of HS6ST1 knockdown on macrophage migration

Many chemokines are known to bind HS, and many have been reported to require
this interaction for maximum chemotactic efficacy as described in Chapter 1
(Chapter 1.5.2.1). However, chemokines have thus far been almost exclusively
studied as binding to the HS on the vascular endothelium, which immobilizes
chemokines in a gradient and affects migrating leukocytes in trans. Whether or not
leukocyte HS is involved in chemokine signalling in cis remains unexplored. I thus
optimized assays to investigate whether loss of HS6ST1 expression affects the ability

of monocyte cells to migrate towards chemokines.

4.5.1 THP1 migration towards MCP-1 and the effect of HS6ST1 knockdown

I first optimized an assay in THP1 cells using a transwell migration system with the
prototypic chemokine MCP-1 (CCL2) as the chemoattractant. I used an available
automated system (Celigo Image Cytometer, Nexcelom Bioscience) in which the
number of fluorescently labelled cells that has migrated across the insert with a pore-
containing membrane is quantified in a 96-well plate with an optical base. Because
this system counts cells in suspension in the lower well, and is not able to count
those adhering to the underside of the transwell insert, I used suspension-cultured
THP1 cells rather than adherent primary macrophages. My trial experiment showed
some random migration in the absence of chemokine but much stronger migration

with MCP-1, particularly at the higher concentration tested (Figure 4.16).
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Figure 4.16 Automated quantification of THP1 migration towards MCP-1.

50000 THP1 cells were transferred to the upper chamber of 96-well transwell inserts with 8.0 um
diameter pores, with the lower chamber containing 500, 100, or 0 pM MCP-1 (CCL2), and incubated
at 37 °C for 4 h. Inserts were then removed and post-migratory cells in the bottom chamber labelled
with Hoechst 33342 and transferred to a 96-well plate with an optical base for automated cell counting
using the Celigo image cytometer. n=3 replicates per condition. Error bars represent mean + SD.

I then performed this assay on THP1 cells that had been electroporated with siRNA
targeting HS6ST1, a non-targeting control, or buffer but no siRNA, for 24, 48, or 72
h prior to the 4 h transwell migration experiment. The number of cells counted per
well by the Celigo plate reader showed no significant differences in migration
towards MCP-1, or in random migration, upon HS6ST1 knockdown (Figure 4.17A).
However, the same volume of cell suspension from each sample was loaded into the
top well of the transwell plate, rather than the same number of cells, so it is possible
that differences in the amounts of cell death between conditions or between replicate
samples may have resulted in different numbers of cells being loaded. To account for
these possible differences, I made a positive control for each sample in which the
same volume of cell suspension was pipetted directly into the optical plate without
having to go through a transwell membrane, giving a reading equivalent to the
number of cells that would be detected per sample if 100% of them had migrated. I

then normalized all the migrated samples to these positive controls for each
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condition, and found that there were some significant differences (Figure 4.17B).
After 24 h knockdown, the relative migration of cells treated with siRNA targeting
HS6STI was slightly but significantly higher than the non-targeting controls, with no
change in the random migration observed in the absence of MCP-1. In contrast, after
72 h knockdown, the migration towards MCP-1 and the random migration were both
significantly lower in the siHS6ST-treated samples than the non-targeting controls,
suggesting that knockdown of HS6ST! and thus loss of 6-O-sulfation reduces the

ability of THP1 cells to migrate by a mechanism not involving the binding or activity

of MCP-1.
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Figure 4.17 Migration of THP1 towards MCP-1 after HS6S7T1 knockdown.

After 24, 48, or 72 h knockdown with 100 nM siRNA targeting HS6ST, or a non-targeting control,
THP1 cells were tested for transwell migration towards 500 or 0 pM MCP-1 (CCL2) as described in
Figure 4.16. Each sample was divided between four replicate wells per condition for the transwell
assay. A) The absolute cell count per well as determined by the Celigo automated cell counter. B)
Relative migration calculated by normalizing to the average cell count in the positive control wells for
each condition. siHS6ST! samples were compared to non-targeting samples of the same time point by
unpaired student t-test. All significant comparisons are shown, where p < 0.05 (¥), p < 0.001 (**%*)
and p <0.0001 (****). Error bars represent mean + SD.
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My initial experiment involved one sample per electroporation condition per time
point which was then split between 4 wells of the transwell plate to give the replicate
readings. To increase the power of these experiments, I repeated the transwell assay
with four independent samples (electroporated separately and cultured in separate
wells) and did not get the same result: with normalization to the positive controls for
each sample there was no difference between the MCP-1-dependent or random
migration of knockdown and control cells at any time point (Figure 4.18). This
finding suggests that knockdown of HS6ST'1 does not affect the ability of THP1 cells

to migrate towards MCP-1 under these experimental conditions.
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Figure 4.18 Migration of THP1 towards MCP-1 after HS6ST1 knockdown.

After 24, 48, or 72 h knockdown with 100 nM siRNA targeting HS6ST, or a non-targeting control,
THP1 cells were tested for transwell migration towards 500 or 0 pM MCP-1 (CCL2) as described in
Figure 4.16 then normalized to the positive control for each sample. n=4 independent samples per
condition. Error bars represent mean + SD.
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4.5.2 Migration of M-CSF macrophages

THP1 cells without PMA stimulation are more representative of monocytes than of
macrophages, whereas my gene of interest, HS6S7, is more highly expressed in
macrophages than in monocytes. Therefore I tried optimizing the transwell migration
assay with primary human M-CSF macrophages. There are several challenges to
overcome with this approach, including the fact that macrophages are adherent and
will not be found in suspension in the lower chamber, meaning automated counting
with the Celigo was not possible. I thus attempted to manually quantify the transwell
migration of human monocyte-derived M-CSF macrophages towards MCP-1
(CCL2). I initially stained migrated cells on the underside of the transwell membrane
with DAPI before cutting the membrane out of its insert and mounting on a glass
slide for visualization of the cells by fluorescence microscopy. However, having
removed the membrane from the insert meant it was no longer perfectly flat and
along one optical plane, meaning cells could not accurately be counted (data not
shown). I then stained cells with crystal violet and viewed the whole transwell inserts
under an optical microscope (Figure 4.19). However, it was difficult to discern
individual cells, and the pores in the membrane also retained some crystal violet dye
making them look similar to cells (Figure 4.19A). Even at the higher magnification
of 40x (Figure 4.19B) it was impossible to accurately count the cells by eye, but no
gross changes in migration were evident. Because HS6ST1 is most highly expressed
in M-CSF macrophages not in monocytes (Figure 4.2), and because migration is
more of a monocyte than a macrophage function, I decided this line of inquiry was

not relevant enough to justify further investigation.
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5 ng/ml 24h 40x 0 ng/ml 24h 40x

Figure 4.19 Migration of M-CSF-differentiated macrophages towards MCP-1.
M-CSF-differentiated monocyte-derived macrophages were lifted and counted then equal numbers
transferred to the upper chamber of 8.0um pore-size transwell inserts, with 5 or 0 ng/ml MCP-1
(CCL2) in the lower chamber. After 24 h incubation at 37 °C, inserts were removed, washed, and cells
on the upper surface of the membrane removed by vigorous scrubbing with cotton bud. Lower surface
of membranes were stained with crystal violet solution, and membranes within intact inserts
visualized under an optical microscope. Images were captured at A) 20x and B) 40x magnification.
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4.6 Discussion

The results from my multifluidic qPCR array card (Chapter 3.3) indicated reciprocal
regulation of HS6ST1 and SULF2 during maturation from monocyte to macrophage,
and in this chapter I confirmed this result in other blood donors by individual qPCRs.
As these enzymes add and remove, respectively, the 6-O-sulfate groups from HS
chains, these changes in message level of the two enzymes suggest that increased 6-
O-sulfation of cell surface HS is a feature of macrophage maturation. To investigate
the contribution of HS6ST1 to macrophage functions I used siRNA electroporation to
knock it down in M-CSF macrophages, with the consistent levels of SULF2
expression I observed making it likely that HS6ST/ knockdown leads to reduced 6-
O-sulfation of HS chains. I also tested knocking down HS6ST1 in THP1 cells as this
monocytic cell line might present a useful alternative to primary macrophages in
some assays. PMA stimulation induces adherence of THP1 cells and development of
a phenotype more representative of primary macrophages. I thought that THP1 cells
in culture may continue replicating and thus the efficiency of the knockdown in the
cell population would be less, although this did not seem to be the case when the
knockdown efficiency in THP1 cells with or without PMA pre-treatment was

compared.

A major limitation of my results in this chapter is that I was unable to detect HS6ST1
protein and thus could not be confident that the reduction in message I observed after
siRNA electroporation resulted in reduced expression of the enzyme at the protein
level. Effective antibodies to detect many of the HS biosynthetic enzymes are

lacking, and my inability to detect a specific HS6ST1 band by immunoblotting is
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consistent with the absence of successful immunoblots for this protein in the
literature. It may be the case that the abundance of the protein is insufficient for
detection by these antibodies on western blots: protein isoforms of HS6STs have
previously been detected by overexpressing tagged forms of the protein (Habuchi et
al., 2000), but introducing expression vectors successfully into macrophages is
technically challenging. If abundance is not the issue then the problem may be the
specificity of the antibody. My confocal images suggest that the high background
staining is due to non-specific binding of the abcam anti-HS6ST1 antibody, as
staining was minimal in the no-primary control. THP1 cells also showed strong
staining by flow cytometry with the isotype control antibody, suggesting that this

antibody is binding to something other than HS6ST]1.

If reliable quantification of HS6ST1 protein is not possible, a surrogate indicator of
effective knockdown would be to perform disaccharide composition analysis on the
HS from knockdown and control macrophages and quantify the difference in 6-O-
sulfated disaccharides. This is particularly important given that macrophages are
terminally differentiated cells and may not turn over their HS very quickly, if at all,
meaning that loss of enzyme expression might still have little effect on disaccharide
composition at the cell surface. One of the original aims of the project was to carry
out disaccharide composition analysis by HPLC, but this did not occur for various
reasons including COVID-19 laboratory closures, and difficulties in accessing

training for this specialist technique.
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Without knowing whether and at what time point electroporation with siHHS6ST1
leads to reduced HS6ST1 protein and thus decreased 6-O-sulfation of HS, selecting
the best time point for functional studies was difficult. I initially tested the
phagocytosis of two substrates, E. coli and zymozan particles, 24 h after
electroporation with siRNA, but there were no significant differences between
siHS6STI and non-targeting siRNA samples, although there was a non-significant
trend towards increased uptake after HS6ST1 knockdown in the case of E. coli. 1
therefore tested the uptake of E. coli at longer time points post-electroporation with
the hypothesis that 24 h knockdown may be insufficient time for a decrease in 6-O-
sulfation at the cell surface to become manifest. However, the previously observed
increase in E. coli uptake after knockdown was not evident, and there were no
changes in the uptake of FBS-opsonised beads. Given that the evidence linking HS to
phagocytosis (Chapter 1.5.2.1) comes mainly from studies of cell lines which are
non-professional phagocytes, it is perhaps unsurprising that professional phagocytes
such as macrophages with an array of specific phagocytic receptors (Stuart and
Ezekowitz, 2005) are not compromised in their ability to internalise pathogens by a

possible reduction in HS 6-O-sulfation.

While a role for HS in phagocytosis may remain speculative, more well established
is the role of HS in chemokine activity. However, it is generally HS on the
presenting cell such as an endothelial cell, rather than on the migrating leukocyte,
that is involved in potentiating chemokine activity such that the HS regulates
chemokine activity in trans rather than in cis. Nevertheless, I sought to determine

whether knockdown of HS6ST] had any effect on chemotaxis: I chose THP1 cells as
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a model cell line and the chemokine MCP-1 (CCL2) because of its known interaction
with 6-O-sulfated HS (Miller et al., 2016). Since THP1 cells are non-adherent in the
absence of stimuli such as PMA, they were ideal candidates for transwell migration
assays in which the migrated cells in the bottom chamber are counted by an
automated cell counter. Despite promising results in my first experiment that
suggested decreased migration after HS6ST1 knockdown in THP1, a repeated
experiment with four independent samples did not recapitulate this initial finding. As
the initial experiment had been one sample split between four replicate wells, the
second experiment was scientifically more rigorous and I thus concluded that the loss
of HS6ST1 expression has no effect on the migration of THP1 cells towards MCP-1
(CCL2). Moreover, in addition to the technical problems in reliably quantifying cells
and normalizing from different conditions, there were conceptual problems with this
line of inquiry. As my gene of interest, HS6ST1, displays highest message level after
M-CSF-induced monocyte maturation to macrophages, it is unclear how relevant 6-
O-sulfation can be to the migration of monocytes, here modelled by THP1, unless
the presence of 6-O-sulfation is inhibitory in cis to MCP-1-dependent migration.
Macrophages are considered to be less migratory than monocytes; in vivo the cell
would mature as it migrated towards the site of inflammation in response to stimuli it
encountered, and would acquire a mature macrophage phenotype in the tissue where
its activity is required. However, it has been reported that monocyte-derived
macrophages lose responsiveness to MCP-1 as they mature due to receptor
downregulation (Fantuzzi et al., 1999), which is also the case for PMA-activated
THP1 cells (Denholm and Stankus, 1995), meaning that an alternative

chemoattractant would be required in order to test macrophage migration after

143



HS6STI knockdown. However, numerous functions have been reported for MCP-1
(CCL2) in regulating monocyte and macrophage behaviour, including polarisation
and priming for response to infection (Gschwandtner et al., 2019) so it may be the

case that changes in HS 6-O-sulfation state affect macrophage responses to MCP-1

other than migration.
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Chapter 5: The role of 6-O-sulfation of HS in macrophage

signalling

5.0 Introduction

6-O-sulfate groups are unique modifications of HS in that they can be post-
synthetically removed by extracellular enzymes, the SULFs (Chapter 1.3.2). Many
macrophage-relevant immunological molecules bind to HS in a manner dependent on
6-O-sulfate groups, including cytokines, chemokines, and growth factors (Ori et al.,
2011). IFN-y, for example, is known to bind 6-O-sulfated HS (Vanhaverbeke et al.,
2004), although it remains unresolved whether this interaction promotes or inhibits
signalling through its receptor (Chapter 1.4.1). IL-4, another macrophage-polarising
cytokine, has also been shown to bind to the highly sulfated domains of HS (Lortat-
Jacob et al., 1997) which may promote its signalling (den Dekker et al., 2008), but
the role of 6-O-sulfate groups specifically is unknown. Therefore I sought to test the
role of 6-O-sulfate in the signalling of macrophage-polarising cytokines using the
HS6STI siRNA knockdown model I had optimised, and to identify further potential

candidate proteins whose activity might be regulated by macrophage HSPGs.
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5.1 FGF-2 signalling as a positive control for altered 6-O-sulfation state

FGF-2 is well known to require HS for formation of the receptor-ligand complex,
and the HS sulfation requirements have been defined, involving both 6-O- and 2-O-
sulfation for full mitogenic activity (Chapter 1.4.2). Therefore quantifying FGF-2
signalling in my macrophage HS6STI knockdown model should provide a positive
control for the loss of 6-O-sulfation. To that end, I stimulated M-CSF differentiated
monocyte-derived macrophages with a low concentration of FGF-2 (0.1 ng/ml) for a
range of time points, 48 h after electorporation with siHS6STI or non-targeting
control (both 50 nM) and then quantified ERK1/2 (p44/42 MAPK) phosphorylation
by western blotting (Figure 5.1). The blot was stripped and re-probed for actin to
demonstrate equal loading in all lanes and enable normalization of the band
intensities for p44 and p42. The phosphorylation of ERK was visually reduced for
the siHS6STI samples compared to the non-targeting control, and quantification
revealed the relative intensity of ERK phosphorylation to be between 'z and 5 of that
seen for the control, indicating that the 6-O-sulfation status had been sufficiently

altered by knockdown of HS6ST1 as to reduce FGF-2 signalling.
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Figure 5.1 Phosphorylation of ERK1/2 by knockdown or control macrophages in response to
FGF-2. 48 h after electroporation with 50 nM siRNA targeting HS6ST! or a non-targeting control, M-
CSF-differentiated monocyte-derived macrophages were treated with 0.1 ng/ml FGF-2 for a range of
time points including a 0 min untreated control. Cell lysates were subjected to gel electrophoresis and
immunoblotting for p44/42 MAPK (pERK1/2) and the membrane stripped and re-probed for actin as a
loading control. A) Scanned images of the blot for pERK1/2 and re-probe for actin. B) Quantification
of the p44 and p42 band intensities normalized to the actin loading control for each lane.
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5.2 The effect of HS6ST1 knockdown on upregulation of macrophage
polarisation markers

Given the effect of HS6ST1 knockdown on FGF-2 signalling, and the upregulation
of HS6ST1 during maturation from monocyte to macrophage (Chapter 3.3.3) I next
sought to determine whether the ability of HS-binding cytokines such as IFN-y and
IL-4 to induce macrophage polarisation to M1 and M2-like phenotypes, respectively,
was also affected by knockdown. M-CSF-differentiated macrophages were incubated
for 48 h after electroporation with 50 nM siHS6ST! or non-targeting control, or
nucleofector buffer alone, before stimulation with IFN-y, IFN-y and LPS, or IL-4 and

IL-13 for a further 24 h as in Chapter 3.

For all donors used in this chapter for experiments on the effects of HS6STI
knockdown, I confirmed effective knockdown of HS6ST1 message, and that SULF2
message levels were not significantly affected, by qPCR (Figure 5.2A). For some
donors I also measured viablity of the cells by comparing the MTS assay absorbance
for electroporated cells to that of untreated control cells for each donor at each time

point (Figure 5.2B).
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Figure 5.2 Confirmation of HS6ST1 knockdown and cell viability in primary macrophages. M-
CSF differentiated macrophages electroporated with stHS6ST1, non-targeting control siRNA (both 50
nM), or nucleofector buffer alone were incubated for 24, 48, or 72 h. A) Expression levels of HS6ST1
and SULF2 quantified by qPCR were normalized to the housekeeping genes 18S and GAPDH and
expressed as a fold change relative to the expression level in buffer control samples for each donor at
each time point. N=5 donors. B) Viability of electroporated cells was determined by MTS assay and
the measured absorbance expressed as a percentage of that for the non-electroporated cells from the
same donor at the same time point. Each data point is the average of 3 replicate wells. N=3 donors.
Error bars represent mean + SD. Data were analysed by paired t-test to compare siHS6ST1 samples
against non-targeting controls. All significant comparisons are shown, where p<0.01 (**) and p<0.001
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5.2.1 Quantification of polarisation markers by qPCR after HS6ST1
knockdown

After 24 h knockdown and a further 24 h polarisation, macrophage samples were
lysed and RNA extracted for qPCR analysis of polarisation markers. The M1
markers /L6 and ILIB were strongly induced by stimulation with IFN-y and LPS,
whereas TNF was upregulated in response to both IFN-y alone and IFN-y in
combination with LPS (Figure 5.3). Upregulation was seen regardless of whether the
cells had been electroporated with siRNA targeting HS6S7, a non-targeting control
siRNA, or nucleofector buffer alone. NOS2 was not detectable in all samples but
showed a trend towards higher expression in the IFN-y/LPS treated cells. The M2
markers CD206 and CD209 were both induced by IL-4/IL-13 stimulation in all three
electroporation conditions. When siHHS6S7/ and non-targeting siRNA samples were
compared for each polarisation condition, there were no significant differences in the

upregulation of these markers.

150



IL6 IL1B

2000 - 250
hd L[]
2 -
1500 g 00
8 @
% 5 150
£ 1000 ke
o & 100
(o]
" 500
50
0 -t 0-
L ] L ] L ] L ] L ] L ] L ] L ]
No treatment  IFN-Y' IFN-Y/LPS  IL-4/IL-13 No treatment  IFN-Y' IFN-Y/LPS  IL-4/IL-13
NOS2 TNF
15- 50+
.
T 40
(0] i [}
= .o 2 30-
(] (0]
S S
ke} B 201
S 5 b
10- *
ole M I I- T s & 0- b
L ] L ] 1 I L ] L ] L ] L ] L ]
No treatment  IFN-Y IFN-Y/LPS  IL-4/IL-13 No treatment  IFN-Y IFN-Y/LPS  IL-4/IL-13
10- CD206 40- CD209
8- .
()] [0)
2 2
© 6+ @©
= Lo
[&] [&]
g3 4 3
T [T
2
>ta L1
0-
L ] L | | | L ]
No treatment  IFN-Y' IFN-Y/LPS  IL-4/IL-13 No treatment  IFN-Y' IFN-Y/LPS  IL-4/IL-13
siHS6ST1 (50 nM) non-targeting siRNA (50 nM) P buffer

Figure 5.3 Upregulation of polarisation markers induced by cytokine stimulation of knockdown
or control cells was quantified by qPCR. 24 h after electroporation with siHS6ST1 or non-targeting
siRNA (50 nM) or nucleofector buffer alone, monocyte-derived macrophages were cultured for a
further 24 h with fresh medium only (no treatment) or IFN-y (50 ng/ml), IFN-y and LPS (100 ng/ml)
or IL-4 and IL-13 (both 20 ng/ml). The relative expression levels of the M1 markers /L6, ILIB, NOS2
and TNF, and of the M2 markers CD206 and CD209, were quantified by qPCR. Data were
normalized to the housekeeping genes 18S and GAPDH and expressed as a fold change relative to the
expression level in the no treatment buffer control sample for each donor. N=3 donors. Error bars
represent mean + SD. All siHS6ST! vs non-targeting pairs were analysed by paired t-test but no
comparisons were significant.
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5.2.2 Quantification of polarisation markers by flow cytometry after HS6S71
knockdown

After 24 h knockdown and a further 24 h polarisation, macrophage samples were
lifted and stained for quantification of the cell-surface polarisation markers CD64,
CD80, CD163 and CD209 by flow cytometry in 2 donors (Figure 5.4). As I observed
previously (Chapter 3.2.1), CD64 was most strongly upregulated by IFN-y, while
CD80 was more strongly induced by IFN-y LPS, while CD163 showed high
expression in the unstimulated cells with variable expression between polarisation
conditions and CD209 was highly expressed following IL-4/IL-13 stimulation. There
were no clear differences between samples electroporated with siHS6ST! or non-
targeting siRNA, and more conclusive results would require repeated experiments on

cells from more blood donors.
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Figure 5.4 Quantification of macrophage cell-surface markers after HS6ST1 knockdown and
polarisation. 24 h after electroporation with siHS6ST1 or non-targeting siRNA (50 nM) or
nucleofector buffer alone, monocyte-derived macrophages were cultured for a further 24 h with fresh
medium only (no treatment) or IFN-y (50 ng/ml), IFN-y and LPS (100 ng/ml) or IL-4 and IL-13 (both
20 ng/ml). Cells were then lifted and stained for flow cytometry quantification of the cell-surface pro-
inflammatory macrophage markers CD80 and CD64, and the anti-inflammatory macrophage markers
CD163 and CD209. Gating to select for live, single cells was performed as previously. N=2 donors.
Error bars represent mean = SD.
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5.3 Effect of HS6ST1 knockdown on signalling downstream of IFN-y and 1L-4

A possible reason for the inability to detect a difference in the polarisation response
of siHS6ST1 and control macrophages is that the 24 h incubation period offered
sufficient time to mask any possible difference in kinetics of the signalling event
resulting from loss of HS6ST1 expression. To more directly test the effects of
HS6ST1 knockdown on the signalling of IFN-y and IL-4 in isolation, I aimed to
quantify the phosphorylation of proteins downstream in their respective pathways:

STATI1 and STATS6, respectively.

5.3.1 Optimization of cytokine concentrations for phospho-STAT westerns.

I began by testing the phosphorylation of STAT1 and STAT6 in response to a
dilution series of IFN-y and IL-4, respectively, with the aim of finding the lowest
concentration of cytokine that still yielded detectable STAT phosphorylation (Figure
5.5). A low concentration is preferable for testing the role of HS as a high
concentration may flood the system and mask any effect of knockdown. Based on
immunoblotting for pSTATI and pSTATS, I selected 1 ng/ml IFN-y and 0.1 ng/ml

IL-4 as appropriate concentrations for use in the knockdown experiments.

A) B)
kDa Da 50 20 5 1 0.10.01 0 ng/mlIL-4
10050 10 5 0.1 0 ng/ml IFN-Y 130—
55 —
40 —

Figure 5.5 Optimisation of IFN-y and IL-4 concentrations for STAT westerns.
M-CSF-differentiated macrophages were stimulated with various concentrations of IFN-y or IL-4 for
15 min before cells were lysed in reducing SDS buffer containing protease and phosphatase inhibitors
and run on 10% SDS-page gels. Membranes were initially probed for phosphorylated forms of
STATI and STAT6 (pSTAT1 and pSTATSO, respectively) before they were stripped and re-probed for
loading controls.
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5.3.2 Quantification of pSTAT1 and pSTAT6 in stimulated cells after
knockdown

The phosphorylation of STATI in response to IFN-y stimulation was quantified in
two donors, 48 or 72 h after electroporation with siHS6ST, non-targeting siRNA, or
nucleofector buffer alone. Phosphorylated STATI was only detectable in IFN-g-
stimulated samples (Figure 5.6). When the band intensities were quantified and
normalized to those for total STATI, there were small differences between siHHS6ST1
and non-targeting siRNA-treated samples for both donors. However, one donor
(Figure 5.6A) showed slightly reduced pSTAT]1 band intensity in siHS6ST versus
non-targeting siRNA-treated samples, whereas the other (Figure 5.6B) showed the
opposite. While analysis of additional donors would be required to perform statistical
analysis, it appears from these data that 6-O-sulfation does not substantially affect

IFN-y signalling.

Similarly, I quantified the phosphorylation of STAT6 in response to IL-4 stimulation
in one donor 48 or 72 h after electroporation with siHS6ST1, non-targeting siRNA,
or nucleofector buffer alone. Phosphorylated STAT6 was only detectable in IL-4-
stimulated samples (Figure 5.7). The band intensities of pSTAT6 were normalized to
those of actin and showed slightly higher relative intensity of pSTAT6 in knockdown
versus non-targeting samples at both 48 and 72 h post-electroporation. Experiments
on further donors would be required to draw conclusions about the contribution of 6-
O-sulfation to macrophage IL-4 signalling, but it appears from these data that 6-O-

sulfation does not substantially affect IL-4 signalling.
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Figure 5.6 Phosphorylation of STAT1 after IFN-y stimulation was evaluated after HS6ST1
knockdown. 48 or 72 h after electroporation with siHS6ST1 (si) or non-targeting siRNA (NT) (50
nM) or nucleofector buffer alone (B), monocyte-derived macrophages from two donors, A and B,
were treated with 1 ng/ml of IFN-y for 15 min before lysis for SDS-PAGE and immunoblotting for
phosphorylated STAT1 (pSTAT1). The membrane was stripped and reprobed for total STAT1 protein
as a loading control. Band intensity ratio was calculated by dividing the measured pixel volume for
each pSTAT]1 band by that of the total STAT1 band for the same lane. N=2 donors (A and B).

o
[S)

48 72 h after electroporation 15
2
- - - 4+ + + - - - + + + IL-4(0.1ng/ml) )

kDa i NT B si NT B si NT B si NT B £10
130 - s
pSTAT6 e

i | 5.
100— )
©

55 = .o 0.0

actin g

40 — 48 72

h after electoporation

Figure 5.7 Phosphorylation of STAT6 after IL-4 stimulation was evaluated after HS6ST1
knockdown. 48 or 72 h after electroporation with siHS6ST1 (si) or non-targeting siRNA (NT) (50
nM) or nucleofector buffer alone (B), monocyte-derived macrophages were treated with 0.1 ng/ml of
IL-4 for 15 min before lysis for SDS-PAGE. Equal volumes of sample were loaded per lane of two
gels, with one membrane probed for phosphorylated STAT6 (pSTAT6) and the other for actin as a
loading control. Band intensity ratio was calculated by dividing the measured pixel volume for each
pSTAT6 band by that of the actin band for the same lane. N=1 donor.
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5.4 Cytokine array detection of other HS-dependent cell-surface ligands

Many other cytokines bind to HS apart from IFN-y and IL-4 and this binding may
require 6-O-sulfation, in which case it would be expected that loss of 6-O-sulfation
on the cell surface would lead to a reduction in cytokine bound to the cell-surface
and thus an increase in cytokine levels in the conditioned medium. To investigate
whether knockdown of HS6STI and the predicted decrease in cell-surface 6-O-
sulfation had an effect on the binding of a wide range of cytokines and chemokines, I
used a multiplex cytokine array printed with duplicate spots of capture antibodies for
a number of different cytokines (Chapter 2.14). The conditioned media from three
donors 24 h after electroporation with siHS6ST/ or non-targeting control at 50 nM
were incubated on these arrays which were then washed and the bound antibodies
detected with a cocktail of detection antibodies by chemiluminescence. Each pair of
samples from different donors was exposed together on the same film, but the
absolute pixel intensity differed between donors analysed on the arrays at different
times. To account for these differences, the data were presented as a fold change by
dividing the average pixel intensity of the two siHS6ST1 spots by that of the
corresponding non-targeting spots for each cytokine. These values were then logged
to base 2 to more symmetrically distribute the data around 0, such that upregulation
is a positive value and downregulation a negative value (Figure 5.8A). Many
cytokines were not detectable in all three donors (white squares) but the chemokines
CCL2 (MCP-1), CXCLI (GROa), IL-8 (CXCL8) and CXCL12 were among those
proteins detectable in the conditioned medium from all three donors under both si
and NT conditions. When the original pixel values for each donor were plotted for

these four chemokines, some trends were evident with the amount of CCL2 and IL-8
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being higher in the conditioned medium of knockdown samples than non-targeting
controls (Figure 5.8B), although these differences were not significant. CXCL1 and
CXCLI12 showed decreased abundance in the conditioned medium of knockdown
samples compared to controls in two out of the three donors.
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Figure 5.8 Differential abundance of cytokines in the conditioned media of knockdown and non-
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four shortlisted cytokines/chemokines where each data point represents the average pixel intensity of
the two duplicate cytokine spots on the array per donor per condition. N=3 donors.
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To investigate whether these observed differences in chemokine abundance could be
explained by differences in gene transcription between siHS6S7/ and non-targeting
siRNA samples, I performed qPCR 24, 48 and 72 h after electroporation (Figure
5.9A). There were no significant differences in message level of CCL2, CXCLS,

CXCL12, or CXCLI between siHS6ST1 and non-targeting groups at any time point.

I analysed the concentration of CCL2 and CXCLS8 in the conditioned media of
further donors by ELISA and at the additional time points of 48 and 72 h (Figure
5.9B). There was a trend towards elevated CCL2 in the conditioned medium of
siHS6ST1 samples versus non-targeting controls, which was significant at 48 h post-
knockdown. There were no significant differences in the concentrations of CXCLS8
detected in the conditioned medium of knockdown or control samples at any time
point. These results support CCL2 as a target for further study into the role of

HS6ST1 and 6-O-sulfation in the regulation of chemokine activity.
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Figure 5.9 Quantification of mRNA and secreted protein levels for shortlisted cytokines.
Samples were collected from monocyte-derived macrophages 24, 48, and 72 h after electroporation
with 50 nM siRNA targeting HS6ST] or a non-targeting control, or nucleofector buffer alone. A)
Message levels for the cytokines CCL2 (MCP-1), CXCLS (IL-8), CXCLI12 and CXCLI were
determined by qPCR normalized to the housekeeping genes /8S and GAPDH and expressed as a fold
change relative to the expression level in buffer control samples for each donor at each time point. B)
CCL2 and CXCL8 protein in the conditioned medium was quantified by ELISA and the
concentrations expressed as a percentage of that detected in the buffer control samples for each donor
at each time point. N=6 donors. Error bars represent mean + SD. All siHS6ST/ vs NT pairs were
analysed by paired t-test and all significant comparisons shown. P<0.001 (¥*%*).
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5.5 Discussion

In this chapter, I aimed to investigate the role of 6-O-sulfated macrophage HS in
regulating the signalling or retention of bioactive molecules such as chemokines and
cytokines. Because of the well-established role of HS containing 6-O-sulfate groups
in promoting the formation of the FGF-2 receptor-ligand complex (Chapter 1.4.2) I
chose to test the effect of my HS6ST1 knockdown on phosphorylation of ERK after
stimulation of macrophages with FGF-2. I tested a time course of FGF-2 stimulation
because ERK activation shows a biphasic response (Zhu et al., 2010) that is
decreased in both intensity and duration by complete ablation of HS sulfation with
sodium chlorate (Delehedde et al., 2002). I found that 48 h after electroporation, the
siHS6ST1 samples showed substantially reduced phosphorylation of both ERK 1
(p44) and ERK 2 (p42) compared to the non-targeting control samples.
Quantification of pERK bands relative to actin showed that ERK phosphorylation is
elevated above baseline at 5 mins, peaks at 10 mins, and then returns to baseline after
15 min, whereas ERK phosphorylation in the knockdown samples showed a smaller
peak at 10 and 15 minutes. These findings are consistent with studies showing
significantly reduced phosphorylation of ERK in response to FGF-2 after HS6ST1
knockdown in chondrocytes (Chanalaris et al., 2019) and in fibroblasts from
Hs6st1/2-null murine embryos (Sugaya et al., 2008). As I have not performed
disaccharide composition analysis to verify the loss of 6-O-sulfation of macrophage
HS post-knockdown, this measurable change in a signalling event known to be
dependent on 6-O-sulfated HS provides a surrogate marker for successful
knockdown and validates other experiments testing changes to macrophage

phenotype after HS6ST1 knockdown.
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Some of the stimuli I used to polarise macrophages to Ml-like and M2-like
phenotypes, namely IFN-y and IL-4, respectively, bind to HS (Ori et al., 2011).
Therefore 1 tested whether the ability of macrophages to polarise to different
phenotypes in response to stimuli was affected by HS6ST1 knockdown by measuring
the upregulation of polarisation markers, as in Chapter 3. I found no significant
differences between knockdown and control samples in the expression levels of pro-
or anti-inflammatory macrophage markers by qPCR and no obvious trend by flow
cytometry. I hypothesised that this lack of detectable difference may be due to the
long time point (24 h) and high concentrations of cytokines used, which may both
contribute to a masking of any effect of altered HS structure on cytokine signalling. I
therefore decided to more directly interrogate IFN-y and IL-4 signalling by
quantifying the phosphorylation of their downstream signalling proteins, STAT1 and
STAT®6, respectively. After determining suboptimal concentrations of cytokine to
make the potential co-receptor role of HS more important for signalling, I tested
knockdown and control cells for differences in the phosphorylation responses to
IFN-y and IL-4. There were some slight differences but in the case of IFN-y the trend
was not consistent between the two donors tested, and only one donor was tested for
IL-4. A number of technical issues made accurate quantification of STAT
phosphorylation difficult and thus I am unable to provide any conclusive evidence as
to the effect of HS6ST1 knockdown on IFN-y and IL-4 signalling. These limitations
included use of enzymatic chemiluminescence (ECL) that can saturate at higher band
intensities high variability of the signal depending on multiple factors including
temperature of the substrate and the time after substrate application that a film is

exposed. Moreover, this method does not enable simultaneous detection with more
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than one antibody, meaning membranes required chemical stripping and re-probing
for loading controls. As I experienced carry-over of phospho-STAT signal into the
loading control, I had to resort to running equal volumes of sample simultaneously
on two gels for some antigens, which makes subsequent quantification less reliable.
To more accurately and consistently quantify STAT phosphorylation relative to total
STAT in multiple donors, I would have liked to use two antibodies from different
species detected simultaneously using a digital fluorescence imager (Pillai-Kastoori

et al., 2020).

To potentially discover other candidates whose activity is regulated by 6-O-sulfated
macrophage HS, I broadened my investigations of the effect of HS6ST1 knockdown
on macrophage signalling and considered the issue of cell-surface retention of
ligands by HS. Binding to HS may promote or inhibit signalling in cis by regulating
interaction with receptors also expressed on the macrophage surface, or in trans by
presentation to other cells. I hypothesised that changes to the sulfation state of
macrophage HS might lead to changes in the ability to retain immune mediators and
thus changes in the amount of soluble molecule detectable in the conditioned
medium. I thus applied conditioned medium from macrophages 24 h after
electroporation with siHS6ST1 or non-targeting siRNA to cytokine array membranes
that are printed with capture antibodies specific for a number of chemokines,
cytokines, and growth factors. When I compared the relative intensity of staining for
spots on the siHS6ST1 versus non-targeting arrays across 3 blood donors, I found
considerable variation between donors, but there were some candidates present in the

CM of all three donors and differed between knockdown and control samples.
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Because loss of HS6ST1 expression could lead to compensatory changes in
expression of other genes, I quantified message levels of the four shortlisted
chemokines (CCL2, CXCL8, CXCL12 and CXCL1), and found no significant
differences, indicating that the changes in abundance in the conditioned medium are
due to protein localization and not gene transcription. Because the array is not
quantitative and the affinity of the capture antibodies for their target proteins may
vary substantially, there is no guarantee that differences observed in spot intensity on
the array correspond to biologically relevant differences in cytokine concentration. I
thus carried out ELISAs for CCL2 and CXCL8 with standards of known
concentration to quantify their abundance in the conditioned medium of knockdown
and control macrophages. At 48 h post-electroporation there was a significant
increase in the concentration of CCL2 in knockdown versus control samples, and a
non-significant trend in the same direction at 24 h (Figure 5.9). Previous studies into
the sulfate requirements for CCL2 to bind to HS demonstrated that a 6-O-sulfated
hexamer had 200-fold greater affinity for CCL2 than its 2-O-sulfated isomer (Miller
et al.,, 2016). This requirement for 6-O-sulfated HS for high-affinity binding is
consistent with the higher concentration of free CCL2 in the conditioned medium I
observed after HS6ST1 knockdown. It remains to be determined whether interaction
of secreted CCL2 with cell-surface HS might regulate macrophage activity in an
autocrine manner, or whether presentation of CCL2 by macrophages serves to

coordinate the activities of other immune cells.

The increase in CXCL8 with knockdown I observed in the cytokine array was not

recapitulated in ELISA analysis with more donors and at additional time points,

164



suggesting this may have been a false positive. CXCLS8 has been shown to bind to
HS (Frevert et al., 2003), and truncating its HS-binding region did not affect receptor
binding but reduced its ability to induce neutrophil chemotaxis in vivo (Middleton et
al., 1997). However, binding to HS may not require a 6-O-sulfate group, as de-6-O-
sulfated heparin was only slightly less effective than unmodified heparin in
competition assays, whereas de-N- and de-2-O-sulfated heparins were much less

effective (Spillmann et al., 1998).

The cytokine arrays also showed changes in the abundance of CXCL12 and CXCL1
in conditioned media after HS6ST1 knockdown. CXCL12 is known to bind HS
(Amara et al., 1999) which enables it to be presented to leukocytes on the surface of
endothelial cells (Connell et al., 2016; Rueda et al., 2012). Recombinant SULF2
reduced binding of CXCL12 to heparin (Uchimura et al., 2006), suggesting that
binding does require 6-O-sulfate groups, yet of the 3 donors I tested on the cytokine
array, 2 showed reduced abundance in the CM of siHS6ST! samples. ELISA
quantification in more donors would be required to determine whether decreased
CXCL12 and CXCL1 in the soluble phase is a consistent feature of HS6ST1
knockdown samples and thus whether binding of these chemokines to HS is likely to

involve 6-O-sulfate groups.

Among the more than 400 HS- or heparin-binding proteins (Ori et al., 2011), there
are undoubtedly others that are produced by or act on macrophages whose binding is
affected by changes to the 6-O-sulfation state. In order to screen for more potential

ligands, I have sent conditioned medium samples from knockdown and non-targeting
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control cells for label-free quantitative mass spectrometry in a collaborating
laboratory (Yang et al., 2020). Samples were collected after an initial 48 h incubation
with serum as a source of potential HS ligands, then multiple washes with PBS to
remove BSA and unbound protein, and a further 24 h incubation in serum-free
medium with or without heparin to displace HS-bound ligands into the conditioned
medium. It is hoped that by comparing the peptides detected in the various
conditions we might identify proteins whose abundance in the conditioned medium
is affected by knockdown of HS6ST1, and that by running the peptides through both
the human and bovine protein databases we might be able to identify HS ligands

involved in both autocrine and paracrine signalling.
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Chapter 6: Final Discussion

6.1 Roles of heparan sulfate in leukocyte biology are poorly understood

HS is potentially one of the most information-dense structures in nature, due to the
number of enzymatic modifications the HS chains experience and the huge
combinatorial diversity of these modifications (Turnbull and Field, 2007). A
substantial proportion of the biological activity of HS is due to its ability to regulate
the activity of myriad soluble ligands that are believed to bind selectively to sulfated
motifs on the HS chain. Among the more than 400 ligands of HS are numerous
chemokines, cytokines, and growth factors (Ori et al., 2011), suggesting this
proteoglycan could have a central role in regulating immune responses. Despite the
near-ubiquitous expression of HS, its functions in inflammation and immunity have
mainly been studied in the context of endothelial and stromal cells, focusing on
aspects such as leukocyte recruitment via chemokine presentation on the vascular
endothelium. However, leukocytes themselves also express HSPGs and the few
published studies in this area indicate they regulate a number of aspects of leukocyte

function, including cytokine signalling (reviewed in (Collins and Troeberg, 2019)).

HS structure is thought to be regulated by changes in expression of the enzymes that
drive its biosynthesis and modification, as genetic manipulation of the HS
biosynthesis machinery results in changes to the sulfated disaccharide composition
(Qiu et al., 2018). Moreover, in addition to spatial and temporal regulation of HS
biosynthesis during development, it has been shown that inflammatory stimuli such

as bacterial LPS and cytokines alter the expression levels of HS biosynthetic
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enzymes and consequently change the abundance of different HS sulfated motifs in
cell types such as endothelial cells (Carter et al., 2003; Krenn et al., 2008). I thus
hypothesised that macrophage HS biosynthesis would be regulated during
inflammation and that this would alter macrophage functions such as responsiveness
to chemokines and cytokines. I aimed to profile these changes during maturation and
polarisation of primary human macrophages, and to investigate possible functional

effects of a selected candidate gene, the 6-O-sulfotransferase HS6ST1.

6.2 Macrophages regulate expression of HS biosynthesis machinery in response
to environmental stimuli

To model the spectrum of macrophage activation states thought to occur in vivo, 1
polarised monocyte-derived primary human macrophages towards pro-inflammatory
M1-like and anti-inflammatory M2-like phenotypes using IFN-y/LPS and IL-4/IL-
13, respectively. The resulting populations showed significant differences in the
expression of typical M1 and M2 markers, many of which are receptors, suggesting
that polarisation had successfully generated the expected functionally different
macrophage activation states. I used a custom-designed microfluidic array card to
profile mRNA expression of all the full-time HS core proteins and
biosynthetic/modifying enzymes in monocytes, M-CSF-differentiated macrophages,
and pro-inflammatory and anti-inflammatory polarised macrophages. This
comprehensive analysis revealed significant changes in HS-associated gene
expression when monocytes mature to macrophages in the presence of M-CSF, and

also upon their subsequent polarisation to pro- and anti-inflammatory phenotypes.
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6.2.1 Maturation is associated with increased capacity for HS biosynthesis

I found that the majority of HS-associated genes were upregulated during M-CSF
maturation from monocyte to macrophage, while a smaller subset of genes (HPSE,
SULF2, EXT1, TGFBR3) was downregulated, indicating that maturation may be
associated with a general increase in the capacity of myeloid cells to synthesise
heparan sulfate proteoglycans. This is supported by previous reports showing that
macrophage maturation is associated with increased biosynthesis of sulfated GAGs
in monocyte-derived macrophages cultured with GM-CSF (Trottein et al., 2009;
Wegrowski et al., 2006) or simply in serum-containing medium (Martinez et al.,
2015). My observation that M-CSF-induced maturation also leads to increased
expression of many HS-associated genes indicates that the increased capacity for HS
biosynthesis is a general feature of macrophage maturation and not specifically

linked to just one stimulus.

This increase in HS synthesis may reflect increases in the number, length, and/or
sulfation of HS chains. The chain elongation enzymes EXT1 and EXT2 showed
reciprocal regulation between monocyte and macrophage, with EXT1 being
downregulated during maturation and EXT2 being upregulated. This is curious, as
these two enzymes are believed to act as a heterodimeric complex and it has been
reported that EXT1 is the rate-limiting enzyme (McCormick et al., 2000), meaning
that the upregulation of EXT2 I observed may not lead to increased polymerisation
of the HS backbone in M-CSF macrophages due to the decreased expression of
EXTI1. However, EXT1-deficient cells do synthesise some HS provided that EXT2

and EXTL2 are both expressed (Okada et al., 2010), so downregulation of EXT1
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may not necessarily indicate that macrophages have significantly decreased ability to
polymerise HS. The role of EXT2 upregulation in macrophages may be to determine
HS chain length, as it has been reported that knockdown of EXT2 leads to shorter HS
chains being produced (Busse et al., 2007). Similarly, EXT2 knockdown resulted in
reduced binding of 3G10, the antibody recognising HS stubs remaining on the core
protein after heparanase digestion (Nadanaka and Kitagawa, 2018), indicating that
one role for EXT2 in HS biosynthesis might be to determine the number of HS
chains that are synthesised. If EXT2 does serve these regulatory functions in
macrophages it may be the case that maturation is associated with increased length

and/or number of HS chains.

The broadly increased expression I observed may also have reflected an increase in
HS sulfation upon macrophage maturation. GM-CSF-induced maturation has been
shown to upregulate enzymes such as GLCE and HS2ST1 (Trottein et al., 2009), and
consistent with this study I also found that GLCE and HS2ST1 were significantly
upregulated by monocyte maturation to macrophages. In parallel, I saw that NDST],
HS3ST1 and HS6ST1 were significantly upregulated during M-CSF maturation.
These can be reasonably expected to increase HS sulfation, supporting the hypothesis
that macrophage maturation is associated with increased modification of HS chains.
N-sulfation is a pre-requisite for other downstream modifications, such as
epimerisation (Li et al., 1997), epimerisation promotes subsequent 2-O-sulfation
(Pinhal et al., 2001), and 6-O-sulfotransferases preferentially act on 2-O-sulfated

disaccharides (Jemth et al., 2003; Smeds et al., 2003). Thus, coordinated
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upregulation may enable cooperative interaction between these enzymes to elaborate

a more highly sulfated HS chain.

Most core proteins were upregulated by M-CSF maturation, meaning that
macrophages have more potential attachment sites for new HS chains. TGFBR3
(betaglycan) was the exception, being most highly expressed in monocytes, but this
core protein is a part-time HSPG meaning it is only decorated with HS chains under
certain conditions. CD44 (the hyaluronan receptor) is also a part-time HSPG but was
not included in the transcriptome analysis; it has been reported that monocyte to
macrophage maturation is associated with upregulation of the isoform of CD44
containing the attachment sites for HS chains, resulting in the ability of macrophages
to present FGF-2 (Jones et al., 2000). The biological relevance of this apparent
reciprocal regulation between TGFBR3 and CD44 and the role of TGFBR3 in

monocyte/macrophage functions remains to be determined.

6.2.2 Polarising stimuli initiate differential expression of HS-associated genes

In addition to the substantial changes in HS-associated gene expression during
monocyte maturation, many genes showed significant differential expression
between samples stimulated with pro-inflammatory stimuli (IFN-y and/or LPS) or
anti-inflammatory stimuli (IL-4 and IL-13), and any one of these would have been a
good candidate for further study (Figure 6.1). SDC2 was the most highly expressed
HS core protein at the transcript level in M-CSF macrophages, and showed
significant downregulation in the presence of IFN-y, consistent with previous reports

(Martinez et al., 2006), and significant upregulation in response to IL-4 and IL-13,
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suggesting it plays more of a role in M2 macrophages. The HS chains of SDC2 may
be important for reparative functions, as SDC2 upregulation was shown to enable
macrophages to present FGF-2 to target cells and induce their proliferation, but this
ability was lost if cells were heparinase treated (Clasper et al., 1999). Similarly,
Sdc2-null mice have reduced VEGF-dependent angiogenesis that could be rescued
by re-expression of wild-type Sdc2 but not a mutant construct lacking the HS
attachment sites (Corti et al., 2019). SDCI was also downregulated by M1 stimuli
and upregulated in response to M2 stimuli, as has previously been reported for
murine macrophages (Angsana et al., 2015). In the same study, Sdcl-null murine
macrophages showed reduced motility and enhanced adhesion, indicating that the
role of SDCI might be in regulating macrophage interactions with extracellular
matrix molecules rather than regulating growth factor signalling. Whether this role
requires GAG chains has not been established. In contrast, I found that SDC3 and
SD(C4, while similarly abundant in M-CSF macrophages, were strongly induced by
IFN-y or LPS as has previously been reported for human endothelial cells (Vuong et

al., 2015) and murine macrophages (Tanino et al., 2012).

The glypicans showed similar differences in regulation between protein isoforms,
with GPC1 showing strong induction by IL-4 and IL-13, and GPC5 being strongly
upregulated by LPS with and without IFN-y. GPC4 was the second most abundant
core protein transcript in M-CSF unpolarised macrophage and was downregulated by
M1 stimuli, consistent with previous reports (Martinez et al., 2006) but the
significance of its expression is not clear. GPC3, which I found was only expressed

in M-CSF macrophages, has previously been implicated in hematopoiesis due to the

172



impaired production of monocyte/macrophage progenitors in Gpc3-null mice
(Viviano et al., 2005). Whether the requirement for glypican-3 is cell intrinsic or part
of the bone marrow niche would require bone marrow transfer experiments between

Gpc3-null and wild-type mice.

My finding that AGRN (agrin) was upregulated by LPS alone (and to a lesser extent
by LPS with IFN-y), but not by IL-4/IL-13, suggests that an abundance of agrin is a
feature of pro-inflammatory macrophages. Consistent with this hypothesis, a
previous study found that another pro-inflammatory stimulus, IFN-a, induced agrin
upregulation in T cells (Jury et al., 2007). Although mainly studied for its role in
formation of the neuromuscular junction, functions for immune cell agrin have also
been reported. Mice genetically lacking agrin showed reduced numbers of
monocytes and macrophages (Mazzon et al., 2012), indicating that agrin is required
for survival of monocyte progenitor cells and the subsequent maturation of
monocytes. These agrin-deficient macrophages also showed impaired phagocytic
ability due to defective F-actin rearrangement, consistent with the purported role for
agrin in linking the extracellular matrix to the cytoskeleton via its receptor alpha-
dystroglycan. My finding that pro-inflammatory stimuli induce upregulation of agrin
could indicate that these M1-like cells are primed for phagocytosis of pathogens.
Agrin was shown to promote actin rearrangement in T cells (Jury et al., 2007) and
has been proposed to be involved in forming the immunological synapse (Jury and
Kabouridis, 2010), so it is possible that agrin serves a similar function in
macrophages during formation of the phagocytic synapse. Whether M1 macrophages

do indeed show greater phagocytic capacity to which agrin contributes could be
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investigated by comparing phagocytosis by M1 and M2 polarised macrophages and

testing whether bead uptake is affected by agrin knockdown.

In contrast to agrin, which was most highly expressed in pro-inflammatory
macrophages, the HS core protein perlecan (HSPG2) showed similar levels of
expression in monocytes, unpolarised macrophages and pro-inflammatory
macrophages, but was strongly and significantly upregulated in macrophages
stimulated with IL-4/IL-13. Perlecan has been best studied in the ECM, where its
ability to bind growth factors and modulate the adhesion of cells plays an important
role in wound healing, angiogenesis, and tumour growth (Knox and Whitelock,
2006). The modular nature of the HSPG2 gene enables translation of different
proteins by inclusion or exclusion of domains by alternative splicing (Gubbiotti et
al., 2017): it is not known which isoform of perlecan is expressed in anti-
inflammatory macrophages, or where it is localised. Perlecan had previously been
reported to be upregulated by hypoxia in macrophages (Asplund et al., 2010), and
was recently shown to contribute to the ability of macrophages to bind LDL (Ng et
al., 2021), arguably consistent with a role for perlecan in M2 macrophage functions
such as scavenging debris and in pathologies associated with hypoxia and LDL such
as atherosclerosis. In other cell types, perlecan has previously been shown to be
downregulated by IFN-y (Sharma and lozzo, 1998) and upregulated by TGF-B
(Dodge et al., 1990), further supporting a role for this HS core protein in tissue repair
and resolution of immune responses. To my knowledge this thesis presents the first

data demonstrating IL-4/IL-13-induced upregulation of perlecan transcript.
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Figure 6.1 Schematic of regulated HS-associated genes in monocyte maturation and
macrophage polarisation.

Monocyte to macrophage maturation with M-CSF was associated with downregulation of TGFBR3,
EXT1, HPSE, and SULF2, and upregulation of most other HS-associated genes. Subsequent
polarisation to pro- or anti-inflammatory macrophages resulted in further significant changes to HS-
associated gene expression, and these changes suggested that the HS in anti-inflammatory
macrophages is more highly sulfated. Gene names are positioned to indicate the cell type in which
they were most highly expressed.

As with the core proteins, HS biosynthetic enzymes also showed differential
expression between unpolarised, pro-inflammatory, and anti-inflammatory
macrophages. I found that EXT1 and EXT2 showed minimal regulation in M-CSF
macrophages further stimulated with IFN-y and/or LPS or IL-4/IL-13, indicating that
the capacity to synthesise the HS backbone is unaffected by macrophage

polarisation. However, biosynthesis of HS is also regulated by the exostosin-like
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enzymes EXTL1-3, and I found isoforms 2 and 3 were expressed in monocytes and
macrophages, with EXTL2 being significantly upregulated by IFN-y+LPS, as
previously reported (Martinez et al., 2006), and EXTL3 showing no regulation in
expression. EXTL2 and EXTL3 have previously been suggested to regulate
termination of HS chain elongation, as decreased expression of either resulted in
longer HS chains (Busse et al., 2007; Katta et al., 2015). Therefore the increased
expression of EXTL2 I observed in pro-inflammatory macrophages might lead to
these cells synthesising shorter HS chains than their anti-inflammatory counterparts,
which could affect the availability of binding sites on HS for ligands, and conversely

the accessibility of transmembrane receptors.

The N-deactylase N-sulfotransferases 1 and 2 showed different patterns of
expression, with NDST1 showing modest differences between unpolarised, pro-
inflammatory and anti-inflammatory macrophages, whereas NDST2 was expressed
at similar levels in all samples except LPS-treated in which it was significantly
upregulated. The implications for the changes in expression of these enzymes are not
clear, but NDST1 was previously implicated in maintaining macrophages in a
quiescent state through inhibiting IFN-B signalling via HS binding (Gordts et al.,
2014). As N-sulfation is known to be a pre-requisite for further downstream
modifications, it may be the case that upregulation of NDSTs in pro-inflammatory
macrophages facilitates increased activity of other sulfotransferases. Ndst2 knockout
mice appear normal (Ledin et al., 2004) but the role of this isoform in inflammatory

settings has not been explored.
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GLCE expression was significantly lower in response to pro-inflammatory stimuli,
with the exception of LPS which showed a non-significant trend towards
downregulation, likely due to the high level of variability in LPS-responsive gene
regulation seen between donors, but was maintained in response to 1L-4/IL-13. This
potential decrease in epimerisation of pro-inflammatory macrophage HS could lead
to reduced overall sulfation, as epimerisation promotes subsequent 2-O- and 6-O-
sulfation (Smeds et al., 2003). HS2ST! and HS6STI both showed downregulation
with pro-inflammatory stimuli, suggesting that pro-inflammatory macrophage
polarisation is associated with reduced 2-O- and 6-O-sulfation relative to anti-
inflammatory macrophages and therefore that these HS modifications are involved in

reparative rather than pro-inflammatory functions of macrophages.

Only 3 of the 7 3-O-sulfotransferase protein isoforms were expressed in monocytes
and macrophages, and all showed striking patterns of regulation in response to
stimuli. HS3ST1 was downregulated more by IFN-y and/or LPS than by IL-4/IL-13,
suggesting that its activity might be higher in anti-inflammatory macrophages. In
contrast, HS3ST3A and HS3ST3B showed similar levels of expression in monocytes
and M-CSF macrophages but both were upregulated in response to IFN-y and/or
LPS, which in the case of HS3ST3B was significant and with a large effect size in
some donors. These data are in accordance with previous reports that LPS activation
of monocytes induced a 2-fold increase in HS3ST3B transcript (Sikora et al., 2016),
and that there was a 65-fold increase in the expression of this gene in Ml
macrophages relative to M2 (Martinez et al., 2015). Due to the paucity of standards

for 3-O-sulfated disaccharides, this modification has not been much studied so the
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significance of these findings is not clear. However, improved standards are being
developed for HPLC (Mochizuki et al., 2020) so detailed analysis of the HS motifs
synthesised by the different protein isoforms of the HS3STs and their biological

functions may be possible in the near future.

6.2.3 Effects on HS structure require direct investigation

Based on the differential expression of enzymes I observed in monocytes and
macrophages, one might predict that maturation in the presence of M-CSF is
associated with an increase in cell-surface HS and that it is moderately N-, 2-O- and
6-O-sulfated. Pro-inflammatory stimuli induced changes in HS enzyme expression
that might lead to reduced epimerization and reduced 2-O- and 6-O-sulfation, but
increased 3-O-sulfation. In contrast, anti-inflammatory macrophage HS may well
retain a similar pattern of HS composition to unpolarised macrophages, with a
possible switch to different core proteins including perlecan, whereas pro-
inflammatory macrophages might be using more agrin. However, there are many
levels at which HS structure can be regulated in addition to transcription of the HS-
associated genes, including translation of protein, enzyme localization, relative
activity, and cooperative interactions. The strength of correlation between enzyme
expression and associated HS modification is not well established, and I had hoped
to increase our understanding of the regulation of HS structure by comparing the HS
transcriptome profiles in polarised macrophages to the disaccharide composition of
each population. However, carrying out such analyses by HPLC was delayed by such
an extent as to preclude inclusion in this thesis. As an alternative, I sent samples to a

collaborator lab for disaccharide composition analysis by liquid chromatography
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mass spectrometry, a more recently developed technique that has shown substantial
differences in the proportions of HS disaccharides present in different cell lines
(Antia et al., 2018), which may reasonably be expected to also be true of primary
cells. At time of writing, these samples had still not been analysed and so the HS
composition of unpolarised, pro-inflammatory, and anti-inflammatory macrophages
in my experimental system is unknown, but can be predicted based on other similar
studies comparing disaccharide composition with enzyme expression. For example,
upregulated HS2ST1 in human monocyte-derived macrophages correlated with
increased abundance of 2-O-sulfated disaccharides (Martinez et al., 2015),
suggesting that my IL-4/IL-13-stimulated macrophages are likely to have more of
this modification than the pro-inflammatory macrophages. Moreover, a mutant cell
library with selective deletions of HS biosynthetic enzymes demonstrated strong
correlation between enzyme expression and their resulting HS structure (Qiu et al.,
2018). In addition, previous studies have demonstrated differences in the
immunoreactivity of HS after changes in biosynthetic enzyme expression: LPS-
induced upregulation of HS3ST3B in endothelial cells resulted in increased binding
of an antibody that recognises 3-O-sulfated motifs (Krenn et al., 2008) for example.
However, validation of the effects of the observed changes in gene expression on HS

composition would strengthen the impact of my findings.

6.2.4 Sulfated HS supports macrophage polarisation
The increased capacity for HS biosynthesis I observed upon M-CSF maturation led
me to hypothesise that the presence of cell-surface HS chains is important for

macrophage maturation or effector functions. Monocytes differentiated with M-CSF
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in the presence of sodium chlorate showed no apparent differences in the expression
levels of CD68, CD14 and CD16 compared to controls, indicating that abolishing HS
sulfation does not impair macrophage maturation. This finding is unsurprising, given
that M-CSF is not reported to be an HS-binding protein (Ori et al., 2011). However,
other immune mediators associated with polarisation of macrophages are known to
bind to HS, including IFN-y (Lortat-Jacob and Grimaud, 1991) and IL-4 (Lortat-
Jacob et al., 1997), so it is expected that abolishing HS sulfation of macrophages
would affect upregulation of the M1 and M2 polarisation markers associated with
these cytokines. My data showing greater upregulation of M1 polarisation markers in
response to IFN-y/LPS in chlorate-treated cells suggests that HS does have a
negative regulatory role for the signalling of pro-inflammatory stimuli. LPS is not
known to require HS for signalling and its pathway via TLR4 has been well studied,
so it is most likely that lack of sulfated HS affected IFN-y signalling. Since the HS-
binding and receptor-binding sites overlap it is plausible that interacting with HS
inhibits IFN-y signalling, and thus that normally sulfated macrophage HS serves to
maintain macrophages in a quiescent state by decreasing their responsiveness to pro-
inflammatory stimuli, as has previously been demonstrated for IFN-B (Gordts et al.,
2014). In contrast, sodium chlorate-mediated mediated desulfation of macrophage
HS led to decreased IL-4/IL-13-induced upregulation of CD209 (DC-SIGN) and
CD206 (MRC1), and is consistent with the decreased cell-surface level of CD209
protein I also observed. IL-4 but not IL-13 has been reported to be an HS-binding
protein (Ori et al., 2011), making it most likely that the effect of altered HS sulfation
on polarisation occurs via IL-4 signalling. My data suggest that sulfated HS

promotes IL-4 signalling, which is consistent with a previous report that sodium
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chlorate treatment of dendritic cells reduced IL-4-induced upregulation of DC-SIGN
(CD209) (den Dekker et al., 2008) and indicates that macrophage HS skews the

phenotype towards M2.

6.3 What are the functions of HS6ST1 and 6-O-sulfation in macrophages?

The highly significant downregulation of the endosulfatase SULF2 during monocyte
to macrophage maturation was of interest because of the reciprocal expression
pattern it showed to its functional partner, the 6-O-sulfotransferase (/4S6S717). This
pattern of regulation is likely to increase levels of 6-O-sulfated HS between
monocyte and macrophage. The signalling of developmental molecules such as Wnt
and the BMP inhibitor Noggin are regulated by a switch in 6-O-sulfation status
controlled by HS6STs and SULFs (Ai et al., 2003; Viviano et al., 2004), and it is
possible that a similar molecular switch operates in an immune context. For example,
TGF-B signalling is promoted by 6-O-sulfation, and overexpression of HS6STs in
idiopathic pulmonary fibrosis results in hyperresponsiveness to TGF-f and may
contribute to the excessive fibrotic response (Lu et al., 2014). Sulfl knockdown also
increased TGF-B signalling, and TGF-B stimulation of fibroblasts induced Sulfl
expression and reduced 6-O-sulfation of HS (Yue et al., 2008), suggesting that TGF-
B regulates its own activity via a negative feedback loop affecting HS sulfation. If a
similar 6-O-sulfate switch operates in macrophages, further agnostic investigation

into the ligands it regulates is warranted.

6-O-sulfation is a unique modification of HS in that it can be removed post-

synthetically on the cell surface by desulfatase enzymes (SULFs). I found that only
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one of the three protein isoforms of 6-O-sulfotrasferases, HS6ST1, was expressed in
monocyte-derived macrophages, and that its expression was upregulated by M-CSF
and down-regulated by further polarising stimuli, whether pro- or anti-inflammatory.
In addition to its unique property of being post-synthetically edited, I chose HS6ST1
over other potential candidates because it is at or near the end of the HS biosynthetic
pathway and thus its loss should have minimal knock-on effects on other HS
modifications. In contrast, knocking down an enzyme earlier in the pathway such as
NDST or GLCE would have multiple effects on HS structure including changes in
the affinity of various subsequent enzymes for HS and thus different O-sulfate
modifications, meaning any potential phenotype observed would be more difficult to

attribute to one particular modification.

6.3.1 6-O-sulfated HS had no effect on phagocytosis or migration

I hypothesised that 6-O-sulfated HS is required for some of the immune functions of
macrophages, such as phagocytosis, migration, and the ability to respond to
polarising signals by upregulation of genes and acquiring an appropriate effector
phenotype. The evidence implicating HS in phagocytosis is circumstantial and not
specific to professional phagocytes (Section 1.5.2.1) having been mainly conducted
in epithelial cells and fibroblasts. However, as it is a renowned function of
macrophages, I tested phagocytosis of three different substrates that use different
pathways for uptake (Freeman and Grinstein, 2014). To represent bacterial pathogens
I used E. coli, which can be recognised by phagocytic receptors such as scavenger
receptor A (CD204) and MARCO, in addition to TLRs. In contrast, zymozan would

be taken up by C-type lectins such as Dectin-1 and the macrophage mannose
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receptor (CD206) that recognise fungal polysaccharides. Coating the latex beads
with FBS was a model for pathogen opsonisation by antibodies, which would be
taken up by macrophage Fc-receptors such as FcyRI (CD64) and FcyRIIla (CD16a).
However, in the time points and conditions I tested, loss of HS6ST1 expression had
no significant effect on macrophage phagocytosis of these substrates, suggesting that
none of these receptor pathways require sulfated GAGs for their activity. Ectopically
expressing individual receptors in cells whilst manipulating their HS structure might
help to unpick whether any of these receptors require HS as part of their PAMP

recognition process.

Another important function of leukocytes is their ability to home in on a site of
inflammation in response to directional cues such as chemokines, many of which
require interactions with endothelial HS for maximum activity. CCL2 (MCP-1) is
known to bind HS on the endothelium with the effect of potentiating its activity, and
binding is substantially increased by the presence of a 6-O-sulfate group (Miller et
al., 2016), yet in my transwell experiments there was no significant effect of HS6S7'/
knockdown on the migration of THP1 cells. This could suggest that leukocyte HS is

not required for signalling of this chemokine.

6.3.2 Agnostic methods are required to establish the effects of 6-O-sulfated HS
on macrophage signalling

A major limitation throughout my project was not knowing that HS6S7'1 knockdown
had affected the level of 6-O-sulfation on the macrophage cell-surface and at what

time point after electroporation this occurs. Pulse-chase experiments have shown that
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HS turnover in some cells takes between 4 and 24 h (Carter et al., 2003). However,
macrophages are terminally differentiated cells so it may be the case that they do not
change their HS structure once they have matured, but I would argue that the
significant changes I observed in HS enzyme expression after polarisation make this
unlikely. An encouraging observation was that FGF-2 signalling was decreased in
knockdown macrophages relative to controls, with phosphorylation of ERK1/2 in
response to a suboptimal concentration of FGF-2 being decreased in the absence of
HS6ST1 (Chapter 5.1). As the role of 6-O-sulfated HS in facilitating FGF signalling
is well established (Chapter 1.4.2), this finding demonstrates that knockdown
resulted in a biologically relevant degree of change to the disaccharide composition
of HS. It is also in accordance with previous work from our group in which HS6ST1
knockdown in chondrocytes led to reduced FGF-2 signalling (Chanalaris et al.,
2019). I had hoped to more definitively show that 6-O-sulfated HS was less abundant
after HS6ST1 knockdown by HPLC or mass spectrometry, but at time of writing
these experiments had not been performed and thus responsiveness to FGF-2

provided a surrogate measure of changes in HS sulfation.

To determine whether 6-O-sulfated HS is involved in the signalling of polarising
cytokines and whether it is this group specifically whose loss during chlorate
treatment alters upregulated of polarisation markers, I polarised macrophages with
IFN-y with or without LPS, or with IL-4/IL-13, and measured polarisation marker
upregulation by qPCR and flow cytometry. In contrast to my previous results with
chlorate-treated cells, there were no significant differences or conserved trends

between polarisation marker expression in knockdown and control cells, suggesting
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that the sulfate groups required for IFN-y and IL-4 binding to HS are not 6-O-
sulfates. Consistent with this conclusion, phosphorylation of STATI in response to
IFN-y was only slightly affected by HS6ST1 knockdown and the effect showed
different directions in the two donors. Similarly, the effect size of pSTAT6 in
response to IL-4 was very small. However, the n numbers from these experiments
are too low to draw any meaningful conclusions from these data, and had time not
been restricted I would have repeated these experiments on more donors. Testing
different combinations of antibodies to ensure target and control were from different
species would have enabled me to use simultaneous fluorescent detection,
overcoming difficulties I experienced with reliably quantifying band intensities from

chemiluminescent detection.

To more definitively test whether 6-O-sulfated HS is required for IFN-y and IL-4
binding, an array of modified heparinoids on a chip or using an ELISA method may
have enabled me to quantify the relative affinities of these cytokines for different HS
motifs, as has been performed for other proteins such as Tau (Rauch et al., 2018).
Other methods to measure affinity include SPR: immobilising 6-O-sufficient and -
deficient HS on the chip would enable me to test the effect on cytokine binding and
dissociation. It is important to note however that measurable binding in isolation
does not necessarily mean a relevant physiological interaction in vivo in the presence

of other mediators, where the relative affinities are presumably important.

When [ screened the conditioned medium of control versus knockdown cells for

differences in the abundance of cytokine ligands, I found a reproducible increase in
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CCL2 in the conditioned medium after knockdown. This was confirmed in multiple
donors and after several time points by ELISA, showing significance at 48 h post-
knockdown, and was not due to changes in transcription of this gene. These data
suggest that non-6-O-sulfated HS cannot support binding of CCL2 to the
macrophage cell surface, which is consistent with previous reports that CCL2 binds
6-O-sulfated HS with 200-fold higher affinity than an isomer lacking 6-O-sulfate
(Miller et al., 2016). The purpose of this interaction is unclear, since macrophages
are generally less migratory than monocytes, having reached their destination
concurrent with their maturation. It may be the case that macrophages can present
CCL2 to other cells, as is known for FGF-2, or that macrophage HS serves to
regulate the availability of CCL2 to indirectly affect the migration of other cells. It is
also possible that the binding of CCL2 to macrophage HS is not biologically relevant
and is a side-effect of the ability of CCL2 to bind to endothelial HS. Alternatively,
the CCL2 in a mature macrophage context may be serving some function other than
inducing migration (Gschwandtner et al., 2019), such as promoting survival or

priming for subsequent responses to stimuli.

Another shortlisted cytokine from the array was CXCLS8 (IL-8), but subsequent
ELISAs did not reproduce the trend towards increased abundance in the conditioned
medium after HS6ST1 knockdown. IL-8 binding to HS is thought to require N-, 2-O-
and 6-O-sulfate groups (Spillmann et al., 1998) so I would have predicted that
HS6STI knockdown would result in increased abundance of this cytokine in the
conditioned medium. However, it has previously been reported that removal of 2-O-

sulfate groups had a larger effect on IL-8 binding than removal of 6-O-sulfate groups
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(Spillmann et al., 1998) so knockdown of HS6ST1 may have had too small an effect
for me to quantify. The consequences for altered interaction with macrophage HS are
unclear: the receptor-binding and GAG-binding sites on IL-8 are spatially distinct so
simultaneous binding is theoretically possible (Pichert et al., 2012), but it may be the
case that HS is not required for IL-8 signalling, only for its localisation on the apical

surface of endothelial cells (Middleton et al., 1997).

Effects of HS 6-O-sulfation on protein levels of a limited number of cytokines were
tested using a commercially available cytokine array, but it is likely that the relative
abundance of many other ligands in the conditioned medium is also affected by
HS6ST1 knockdown in macrophages. Agnostic approaches are thus required to
establish the role of 6-O-sulfated HS in macrophages. With this in mind, I designed
an experiment in which cells were cultured with serum for 48 h following
electroporation with siHS6S71 or non-targeting control siRNA, which would provide
a source of exogenous, potentially HS-binding, ligands (Figure 6.2). These could be
distinguished from endogenous macrophage-produced ligands by comparison of the
human and bovine sequence databases. It would be expected that any ligands
requiring 6-O-sulfate for binding to cell-surface HS would be more abundant in the
medium of siHS6ST-treated cells due to their decreased affinity for less sulfated
HS. It is possible that some ligands may interact more strongly with HS in the
absence of 6-O-sulfate and therefore would be less abundant. To discriminate
between proteins whose abundance is altered by changes in binding to HS and other
possible secondary effects of knockdown, duplicate samples would be incubated

with heparin for a further 24 h to displace any HS-binding ligands from the cell-
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surface, and any candidates from these samples could be compared with their
corresponding non-heparin-treated controls. At time of writing, these conditioned

medium samples were awaiting analysis by our collaborator.

+FBS . +FBS
° . . ° ) o o . ° . °
° ° ° ©
Fresh medium, serum-free Fresh medium, serum-free

g 5 e 3 U 5 g e L 5 e 5 e g e

+Heparin /.( \ +Heparin / \.\.
PN N

T e =T %ﬁﬁ

control cells HS6ST1 knockdown

Figure 6.2. Design schematic of the mass spectrometry experiment to discover novel HS ligands
affected by loss of 6-O-sulfation.

Culturing monocyte-derived macrophages in serum-containing medium provides a source of
exogenous (bovine) ligands to supplement the endogenous (human) ligands secreted by macrophages.
Unbound ligands are removed by aspiration of the medium, and replacement with serum-free medium
containing heparin ensures HS-bound ligands will be displaced from the surface and collected in the
conditioned medium for detection by mass spectrometry. Comparing the proteome of control and
HS6ST1 knockdown cells should reveal those ligands whose binding to HS is affected by loss of 6-O-
sulfation.

Another way to determine the role of HS6ST1 and 6-O-sulfated HS in macrophages
in vivo might be to make a conditional knockout mouse. Global deficiency of Hs6sts
is usually embryonically or perinatally lethal due to multiple morphological defects,
although severity appears to depend on the background mouse strain (Habuchi et al.,
2007; Izvolsky et al., 2008). Selectively deleting Hs6stl in myeloid cells might help
to elucidate the function of 6-O-sulfated macrophage HS in vivo, a methodology that

has been successfully applied to other enzymes of the HS biosynthetic pathway. For
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example, conditional deletion of Ndstl in monocytes resulted in increased
susceptibility of mice to atherosclerosis and obesity and a corresponding increase in
the inflammatory activation of macrophages, with elevated STAT1 signalling
downstream of IFN-fB (Gordts et al., 2014), indicating that N-sulfated HS negatively
regulates the activity of this cytokine on macrophages. To my knowledge, a selective

knockout of Hs6st1 has not yet been generated in any murine tissue type.

6.4 Therapeutic implications

Heparin has been used clinically as an anticoagulant since 1935, and has since been
shown to have anti-inflammatory effects that are presumed to be due to disruption of
HS-ligand interactions (Paschoa, 2016). For example, intravenous heparin was
shown to reduce leukocyte recruitment to sites of acute inflammation in mice
through blocking P- and L-selectins (Wang et al., 2002), suggesting that interrupting
the binding of HS ligands might present a therapeutic strategy. Although heparin is
unsuitable for prolonged use due to increased risk of bleeding and possible heparin-
induced thrombocytopenia, its anti-inflammatory effects have been shown to be
independent of its anti-coagulant effects (Sy et al., 1983), leading to the development
of modified heparinoids with reduced anti-coagulant activity (Mulloy, 2019). As an
alternative to intravenous administration, nebulised heparin or heparinoids can be
administered to the lung and have shown efficacy in murine asthma models (Ghonim
et al., 2018) and patients with chronic obstructive pulmonary disease (COPD) (Shute
et al,, 2018), and are currently being explored as treatment or prophylaxis for

COVID-19 (Tandon et al., 2020; Wilkinson et al., 2020; Yu et al., 2020).
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To avoid global disruption of all HS-ligand interactions by heparin, specific ligands
and their HS motifs must be targeted, to which end a few different strategies are
possible (Figure 6.3). The first is to modify endogenous HS structure by regulating
the activity of biosynthetic enzymes, which is an attractive strategy in diseases where
HS biosynthesis is known to be dysregulated, such as cancer (Nagarajan et al., 2018).
It is unclear how HS biosynthetic enzyme activity might be promoted, but inhibitors
of selected enzymes in the biosynthetic pathway have been reported, such as the
SULF inhibitor OKN-007 (Zheng et al., 2013) and a modified iminosugar related to
L-iduronic acid that acts as an inhibitor of HS2ST1 (Brown et al., 2006). However,
problems remain with how the inhibitor would be delivered, and how its activity
would be restricted to only target cells: genetic manipulation of the HS biosynthetic
pathway has demonstrated that lack of HS results in severe phenotypes (Habuchi and
Kimata, 2010; Habuchi et al., 2007; Izumikawa and Kitagawa, 2010; Ringvall and
Kjellen, 2010), so disrupting all HS biosynthesis in patients seems risky. Thus this

strategy is a long way from being clinically useful.

A second strategy for disrupting HS-ligand interactions is competitive inhibition with
HS mimetics or HS derivatives, which have the advantage over heparin of having
more consistent sulfate structures and thus more direct ligand targeting with
potentially fewer off-target effects, in addition to minimal anticoagulant activity. HS
mimetics that were initially developed as heparanase inhibitors have been found to
have anti-inflammatory effects independent of heparanase-inhibitory ability due to
competition with endogenous HS for the binding of pro-inflammatory cytokines and

growth factors. The HS mimetic PI-88 (muparfostat), for example, was the first

190



heparanase inhibitor to enter clinical trials for cancer (Kudchadkar et al., 2008) and
has been shown to competitively inhibit HS binding and signalling of FGF-1, -2, and
VEGF (Cochran et al., 2003; Francis et al., 2003). Another HS mimetic, PG545
(pixatimod) has similarly been shown to inhibit angiogenesis and metastasis in
several pre-clinical cancer models and has entered clinical trials (Dredge et al.,
2018). It appears to have several immunomodulatory activities including inhibiting

Wnt signalling and thus suppresses tumour growth (Jung et al., 2015).

HS derivatives have also been selected to promote signalling of ligands in diseases
where angiogenesis and wound healing would be beneficial. For example, an HS
fraction affinity-isolated for VEGF165 binding was shown to promote the affinity of
VEGF for its receptor (Rouet et al., 2005) and angiogenic potential in vessel
formation assays (Wang et al., 2014). Furthermore, it promoted neovascularisation,
resolution of inflammation and wound healing in rat wound healing models (Tong et
al., 2009; Tong et al., 2012), and promoted healing of treatment-resistant diabetic
foot ulcers in patients (Papanas et al., 2016). HS fractions could theoretically be
selected for high affinity binding to any HS-dependent ligand in order to modulate
signalling. However, the available data make it clear that high-affinity HS mimetics
could either promote or inhibit ligand activity, underlining the importance of greater
understanding of the role of HS in signalling for the future development of

therapeutics.

A third strategy is to make small molecules that will occupy and thus block ligand-

binding motifs on endogenous HS chains, thus inhibiting ligand activity. Surfen (vis-

191



2-methyl-4-amino-quinolyl-carbamide), for example, interacts electrostatically with
heparin and HS and was shown to inhibit FGF-2 and VEGF signalling in vitro
(Schuksz et al., 2008). However, in the same study, surfen also inhibited heparanase
digestion, the antagonistic effect of heparin on blood clotting, and binding of the HS-
binding glycoprotein from herpes simplex virus 1 (HSV-1), suggesting that it binds
to a common HS motif present in the binding site of multiple ligands, and therefore
that its effects are likely too broad for clinical application. A more targeted approach
is to use peptides derived from the HS-binding region of the target ligand, such as the
synthetic peptide derived from VEGF that has been shown to inhibit signalling in
vitro and inhibit tumour growth in vivo (Lee et al., 2010). Similarly, synthetic
peptides based on the HS-binding regions of chemokines (CCL5, CXCLS8, CXCL12)
were able to inhibit chemokine-induced transendothelial migration in vitro, and the
CXCLS8-derived peptide reduced the severity of disease and inflammatory infiltrate
in antigen-induced arthritis, a murine model of rheumatoid arthritis (McNaughton et

al., 2018).

Alternatively, the whole HS-binding protein may be mutated to form a dominant-
negative competitor of endogenous protein. This was demonstrated with a mutant
form of CCL2 that had increased affinity for HS but strongly reduced receptor
activation, and was shown to competitively inhibit endogenous native CCL2 activity
(Piccinini et al., 2010) and thus inhibit inflammation in vivo (Gschwandtner et al.,
2016). Collectively these studies provide evidence that HS-ligand interactions can be
selectively targeted for therapeutic benefit, and support the need for greater

understanding of the specificity of HS-ligand binding motifs.
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Figure 6.3. Therapeutic strategies targeting HS-ligand interactions.

The first strategy is to alter the structure of endogenous HS by pharmacologically inhibiting enzymes
in the biosynthetic pathway, such as the SULF inhibitor (OKN-007), to change the availability of
binding sites for HS ligands. A second strategy is to design or isolate HS mimetics that bind to the
target ligand and either competitively inhibit its binding to endogenous HS, or promote signalling by
interacting with both the ligand and its receptor. The third strategy is to synthesise proteins or peptide
fragments that bind to HS and mask the binding sites, making them unavailable for endogenous
ligand.

Whether we will ever be able to target the HS on individual cell types, such as
macrophages, is much harder to predict and will require further study of the HS-
biosynthetic machinery and resulting sulfated motifs expressed by different cell
types, and a greater understanding of their role in regulating the many components of

inflammation.

6.5 Conclusions and future perspectives

In this project, I have demonstrated significant changes occurring in the HS-
associated gene transcriptome during monocyte maturation with M-CSF and
subsequent polarisation of these macrophages with IFN-y and/or LPS, or IL-4/IL-13.
Disaccharide composition analysis of the HS from these cell types would confirm
whether the differences in enzyme expression level are reflected in the relative
abundance of sulfated motifs: from my transcriptome data it seems likely that IL-

4/IL-13-polarised macrophages generally have more HS with a higher degree of
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sulfation, whereas pro-inflammatory macrophages may selectively increase 3-O-
sulfate groups. Maturation and polarisation also induced changes in the core proteins
expressed, although whether the actions of these core proteins in macrophages are
dependent on their HS chains remains to be established and would require systematic

evaluation of mutant proteins lacking the HS attachment region.

My data on the use of sodium chlorate before macrophage polarisation (Chapter 3.5)
suggest that sulfated HS is required for IL-4 activity and inhibits IFN-y activity, but
it may not be the 6-O-sulfate group that is responsible as the signalling data after
HS6STI knockdown were inconclusive (Chapter 5.3). However, a reduction in 6-O-
sulfated HS due to HS6ST1 knockdown did affect the distribution of CCL2 between
the cell-membrane-bound and free forms, and it is likely that other immune functions
of macrophages were also affected. Knockdown had no significant effect in the
phagocytosis assays I performed, but I did not test efferocytosis (uptake of apoptotic
cells) or uptake of lipoproteins, and it is possible that HS is involved in these
processes. For example, it has been reported that macrophages exposed to hypoxia
synthesised longer and more sulfated GAG chains with a higher affinity for LDL
(Asplund et al.,, 2011), while heparinase digestion reduced internalisation and
degradation of LDL (Kaplan et al., 1998). Whether HS contributes to lipoprotein
metabolism by macrophages in vivo, and whether specific HS modifications such as

6-O-sulfate are required, will require further investigation.

Chondroitin sulfate/dermatan sulfate (CS/DS) is a structurally similar GAG to HS

and shares the same tetrasaccharide linkage region on the core protein but is
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synthesised by a distinct set of enzymes. Expression levels of the xylosyl transferases
responsible for initiating the tetrasaccharide linkage region, and of the CS enzymes,
were not quantified in this project, but it is likely they would also be relevant to
macrophage functions because the selective sulfation at various positions may
regulate ligand binding in a similar manner to HS. Digesting human macrophages
with heparinises or chondroitinases indicates that CS/DS makes up more than half of
the total GAG content (Martinez et al., 2015), so this proteoglycan may compete
with the relatively less abundant HS for binding of ligands, with as-yet unknown
consequences. Comprehensive profiling of CS biosynthesis, such as that shown here

for HS, would help illuminate this area.

There are several mechanisms by which macrophage HSPGs could regulate immune
responses, and all may occur in different conditions and for different ligands. The
highly sulfated HS of M2-polarised macrophages has already been established to
facilitate presentation of FGF-2 to target cells and form a signalling-competent
trimolecular complex with the receptor (Clasper et al., 1999). This presenting
function may be true for other bioactive molecules and would thus give HS a role for
regulating interactions between macrophages and stromal cells, which in the case of
growth factors would be expected to be especially important for wound healing and
tissue repair. In addition to direct presentation, macrophage HSPGs may indirectly
regulate the signalling of surrounding cells by regulating the availability of ligands.
For example, the changes in abundance of cytokines such as CCL2 I observed in the
conditioned medium of HS6ST1 knockdown macrophages indicate that changing HS

sulfation status might shift the distribution of ligands between cell-bound and soluble
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states and thus affect their ability to bind their receptor. Another dimension to HS in
inflammation that I did not explore in this project is heparanase-mediated release of
bioactive molecules by cleaving off sections of the HS chain. Macrophages may
secrete heparanase themselves or may have their HS cleaved by heparanases from
other cellular sources, with a variety of possible consequences including release of

HS-bound growth factors (Goldberg et al., 2013).

In addition to regulating ligands acting on other cells, macrophage HS may serve a
cell-intrinsic function. Macrophage HS may regulate the basal activation state of the
macrophage by determining how sensitive it is to signals in the microenvironment.
For example, the available evidence indicates that HS promotes signalling of anti-
inflammatory cytokines such as IL-10 (Salek-Ardakani et al., 2000) and IL-4 (den
Dekker et al., 2008), whereas it inhibits signalling of IFN-f (Gordts et al., 2014) and
IFN-y (Sadir et al., 1998). Macrophages in murine models of chronic inflammatory
disease show changes in HS biosynthesis (Swart and Troeberg, 2019): it may
therefore be the case that dysregulated HS structure underlies many chronic
inflammatory diseases due to aberrant macrophage signalling and inappropriate
immune activity. Selective knockouts in murine disease models and comparisons of

HS structure in healthy versus diseased human tissue are warranted.

An important function of macrophages is acting as a bridge between the innate and
adaptive immune systems by processing and presenting foreign antigen to T and B
cells with appropriate costimulation to activate them. It has been suggested that agrin

may function in the immunological synapse between T cells and antigen-presenting
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cells (Khan et al., 2001), and it has also been reported that interaction with HSPGs
on the antigen-presenting cell surface potentiates antigen uptake, processing, and
MHC class II-restricted antigen presentation, leading to more potent activation of T
cells (Leonetti et al., 2010). The HS sulfation requirements for these processes
remain to be determined, as does the importance of such HSPG-dependent

mechanisms in vivo.

HS synthesised by other immune cells is also likely to be important for the regulation
of immune responses. Like macrophages, maturation of dendritic cells is associated
with increased biosynthesis of sulfated GAGs (Wegrowski et al., 2006) that regulate
IL-4 signalling (den Dekker et al., 2008) and likely other mediators too. Similarly,
HS biosynthesis is regulated at different stages of B cell maturation (Bret et al.,
2009) and by inflammatory stimuli (Jarousse et al., 2011), with consequences for the
signalling of B cell activating factors such as APRIL (Kimberley et al., 2009) and IL-

7 (Borghesi et al., 1999).

In addition to the monocyte-derived macrophage population recruited during
inflammation, tissue-resident macrophages are found throughout the body where
they play homeostatic and sentinel roles as well as contributing to inflammation.
Investigation of resident macrophage HS is much more challenging due to difficulty
isolating them from human tissues, but studies in mice have indicated that HS-
associated gene expression changes significantly in murine models of chronic

inflammatory diseases (Swart and Troeberg, 2019).
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The available evidence overwhelmingly indicates that regulation of HS biosynthesis
is a common feature of inflammatory stimulation of many cell types, and that HS is
likely to regulate the activity of multiple immune mediators. In this thesis I have
demonstrated significant changes to HS biosynthesis upon maturation of primary
human monocytes to macrophages and their subsequent polarisation to pro- and anti-
inflammatory phenotypes. This polarisation was affected by ablation of HS sulfation
by sodium chlorate treatment, implicating macrophage HS in the responsiveness of
macrophages to polarising stimuli. Future investigation of how specific changes to
macrophage HS structure affect the immune functions of these cells will help

increase our understanding of the role of sulfated GAGs in regulating inflammation.

The End

Montgomery the Macrophage
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1 | INTRODUCTION

Heparan sulfate (HS) is a ubiquitous but highly structurally variable
polysaccharide found on cell surfaces and in extracellular matrices
(ECMs), conjugated to one of several types of core protein. Due to its
strong anionic properties and the numerous possible combinations of
modifications, HS can bind to over 400 soluble protein mediators and
cell-surface receptors,! with disparate effects on their activity.

HS plays well-established roles in the formation of chemokine
gradients on the vascular endothelium and in regulating the activ-
ity of chemokines, cytokines, and growth factors through physical
sequestration in the matrix and protection from enzymatic proteoly-
sis (recently reviewed in Ref. 2). Here, we briefly outline our current
knowledge of the role of HS in these processes, then discuss other cur-
rently less appreciated roles for HS in immune regulation, including
direct signaling through TLR4, involvement in phagocytosis, and regu-
lating the interaction of inflammatory mediators with their receptors.
HS additionally functions in self versus non-self discrimination by the

innate immune system through its role as a regulator of the alternative

Abbreviations: A1AT, alpha-1 anti-trypsin; APC, antigen-presenting cell; DAMP,
damage-associated molecular pattern; DC, dendritic cell; ECM, extracellular matrix; EXT,
exostosin; EXTL, exostosin-like; FGF-2, fibroblast growth factor 2; GAG, glycosaminoglycan;
HEV, high endothelial venule; HS, heparan sulfate; HS2S, heparan sulfate
2-O-sulfotransferase; HS3ST, heparan sulfate 3-O-sulfotransferase; HS6ST, heparan sulfate
6-O-sulfotransferase; HSPG, heparan sulfate proteoglycan; NDST,
N-deacetylase/N-sulfotransferase; PMN, polymorphonuclear neutrophil; SLE, systemic lupus
erythratomatus; TGFAR3, transforming growth factor beta receptor 3; WT, wild-type.
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Heparan sulfate is found on the surface of most cell types, as well as in basement membranes
and extracellular matrices. Its strong anionic properties and highly variable structure enable this
glycosaminoglycan to provide binding sites for numerous protein ligands, including many soluble
mediators of the immune system, and may promote or inhibit their activity. The formation of ligand
binding sites on heparan sulfate (HS) occurs in a tissue- and context-specific fashion through the
action of several families of enzymes, most of which have multiple isoforms with subtly different
specificities. Changes in the expression levels of these biosynthetic enzymes occur in response to
inflammatory stimuli, resulting in structurally different HS and acquisition or loss of binding sites
for immune mediators. In this review, we discuss the multiple roles for HS in regulating immune
responses, and the evidence for inflammation-associated changes to HS structure.

chemokines, cytokines, heparan sulfate, inflammation, leukocyte

pathway of complement activation, which is reviewed in a number of
excellent publications.3~> Here again, it is the structural variability of
HS that enables it to perform various functions in a tissue- and context-
specific manner, acting either as an inhibitor of the complement cas-
cade through binding factor H on self surfaces and thus accelerating
C3binactivation, or as an activator through binding the stabilizing fac-
tor properdin on apoptotic cells.

HS is found covalently attached to one of several types of core pro-
tein, thus forming proteoglycans. The two most abundant types of cell-
surface HS core protein are the trans-membrane syndecans and the
GPl-anchored glypicans, but others such as the secreted proteins per-
lecan and agrin are also decorated with HS. In addition, some proteins,
such as isoform 3 of the hylaruonan receptor (CD44), and betaglycan
(TGFpR3) are “part-time HSPGs” in that they bear HS chains in certain
tissues or under certain conditions. HS biosynthesis occurs in the Golgi
network via the combined actions of more than 25 enzymes, which
has been recently and comprehensively reviewed.® Briefly, biosynthe-
sis begins with the assembly of a tetrasaccharide linkage region at gly-
cosaminoglycan (GAG) attachment sites on the core protein, then the
linear HS polysaccharide backbone is elongated by the sequential addi-
tion of alternating glucuronic acid and N-acetylglycosamine residues,
catalyzed by enzymes of the exostosin (EXT) family. Concurrently, HS
chains undergo extensive enzymatic modification beginning with N-
de-acetylation/N-sulfation, and epimerization of some glucuronic acid
residues to iduronic acid by the D-glycuronyl C5-epimerase (GLCE).

Sequence complexity is further increased by sulfation at various
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FIGURE 1 Heparan sulfate chains are extensively modified.
Biosynthesis of heparan sulfate begins by attachment of a tetrasac-
charide linkage region to the core protein (e.g., syndecan and glypican)
and elongation of the polysaccharide backbone by alternate addi-
tions of glucuronic acid and N-acetylglucosamine residues by the
EXT and EXTL enzymes. This is followed by N-deacetylation and
N-sulfation of N-acetylglucosamine residues by the NDST enzymes,
and epimerization of some glucuronic acid residues to iduronic acid
by the D-glucuronyl C5-epimerase GLCE. Sulfotransferase enzymes
(HS2ST, HS3STs, and HS6STs) then add sulfate groups at the 2-O-,
3-0-, and 6-O- positions of the sugar ring

positions by 2-O- 3-O-, and 6-O-sulfotransferases that act in a
template-independent manner, producing a varied and heterogeneous
structure (Fig. 1). The requirement for previous modifications to
form the substrate for subsequent reactions results in highly sulfated
domains flanked by less sulfated transition zones, separated by regions
of little or no modification.

How HS structure is regulated is poorly understood, but as most
of the modifying enzymes have multiple isoforms with different sub-
strate specificities,” it is thought that cells may regulate the struc-
ture of their HS by altering the relative expression levels of the
modifying enzymes.8

2 | HSIN THE MICROENVIRONMENT
REGULATES THE ACTIVITIES
OF IMMUNE CELLS

HS is an important component of basement membranes and the ECM,

where it immobilizes a variety of ligands. This can have a range of

functional consequences including local retention, regulation of recep-
tor interactions, and protection from the actions of proteases, as dis-
cussed below and illustrated in Fig. 2. In addition, HS can itself be
a ligand for certain receptors involved in leukocyte recruitment to
inflammatory sites.

2.1 | HSimmobilizes chemokines on vascular
and lymphatic endothelium

Circulating blood leukocytes such as monocytes and neutrophils are
stimulated to crawl along the endothelium towards inflammatory sites
by an immobilized gradient of chemokines, a process called haptotaxis
or chemotaxis. More than 40 chemokines have been identified, all of
which have been shown or are predicted to bind heparin or HS.! It
is thought that a major role of endothelial HS is to form a concentra-
tion gradient that directs the migration of leukocytes by immobiliz-
ing chemokines and preventing them being washed away by the blood
flow (Fig. 2). This hypothesis is supported by observations that mutant
chemokines lacking the ability to bind HS fail to recruit leukocytes
in vitro and in vivo.?”11 Moreover, heparanase-overexpressing mice,
which have very short HS chains, show impaired neutrophil crawling in
response to wild-type (WT) chemokines,!2 further demonstrating the
importance of the chemokine-GAG interaction.

It has also been observed that many chemokines oligomerize on
HS and that the ability to form oligomers is required to achieve max-
imal local concentrations.13 Oligomerization, as well as ability to bind
HS, appears to be critical for the activity of certain chemokines, as
monomeric mutants of RANTES, MIP-15 and MCP-1 have severely
reduced chemotactic activity in vivo when injected IP into mice despite
unchanged affinity for their receptors.1©

The variation of HS structure in different tissues may be relevant
to chemokine binding; for example, the HS from aortic and venous
endothelial cells differs in degree of sulfation4 which results in the for-
mation of binding sites for chemokines only at post-capillary venules
and small veins, where leukocyte emigration occurs, and not in capil-
laries and arteries.1>16 Chemokine binding to HS also has some tis-
sue specificity, as demonstrated by the retention of IL-8 in the lungs
but not the skin.13 These findings suggest that HS-mediated control
of chemokine binding might determine to which sites leukocytes are
recruited. Furthermore, it is possible that dynamic regulation of HS
during inflammation modulates chemokine gradients and thus chemo-
taxis. In support of this, staining for HS in high endothelial venules
(HEVs) of the lymph node revealed more HS on the basolateral side
than the luminal side, and increased deposition of HS on only the baso-
lateral side after stimulation with Total Freund’s Adjuvant.l” Thus HS
may facilitate formation of a trans-epithelial chemokine gradient that
becomes more pronounced during inflammation.

2.2 | Endothelial HS as a ligand for
leukocyte selectins

In addition to their role in the presentation of chemokines, HS
proteoglycans are more directly involved in leukocyte recruitment

through their capacity to act as ligands for selectins (Fig. 2), thus
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FIGURE 2 Heparan sulfate plays several roles in local acute inflammation. HS on the vascular endothelium binds chemokines and thus facil-
itates their oligomerization and presentation to circulating leukocytes, prevents them being washed away by the blood flow, and forms the
chemokine gradient necessary for directional migration of leukocytes. Endothelial HS may also directly regulate the recruitment of leukocytes
by acting as a ligand for leukocyte L-selectin, or by masking other adhesion molecules on the vascular endothelium to make them less accessible to
leukocyte integrins. HS also functions in the extracellular matrix (ECM) to retain cytokines and growth factors. This interaction with HS can regulate
local signaling by promoting or inhibiting receptor-ligand interactions, and can protect cytokines from inactivation by proteases. The core protein
of the HSPG can be cleaved by the proteases released during an inflammatory response to release the ectodomain and its HS chains from the cell
surface. Heparanase can digest the HS chains to release small active fragments that can act as danger-associated molecular patterns (DAMPs), or
continue to regulate the activity of HS-bound cytokines through acting as a coreceptor (promotes signaling) or a decoy receptor (inhibits signaling)

facilitating leukocyte rolling and adhesion (reviewed in Ref. 18). The
nature of this interaction has been difficult to unravel since HS
is present on both endothelial cells and leukocytes, and selectins
are also expressed by both cell types: leukocytes constitutively
express L-selectin, whereas endothelial cells upregulate P-selectin
upon activation.

In vitro studies using endothelial monolayers in flow chambers to
mimic the physiological shear stress of blood vessels have provided
evidence of a role for HS in leukocyte recruitment. For example,
digesting HS from endothelial monolayers with heparinase Ill, or
adding heparin or soluble HS to the medium, significantly reduces the
number of rolling and firmly adhering granulocytes,1? and the total
HS deficiency resulting from knockdown of Ext1 in HUVECs prevents
normal neutrophil arrest and transendothelial migration.2° Similarly,
genetic inactivation of Ndst1 in endothelial cells inhibits granulocyte

adhesion to endothelial monolayers and is also associated with
decreased binding of recombinant L-selectin?! suggesting that
HS is a physiological ligand for this adhesion molecule. Further
supporting this hypothesis, pretreatment of monocytes with an
L-selectin-blocking antibody inhibits their adhesion to endothe-

lial monolayers,?2

while the binding of recombinant L-selectin
to HEV in tissue sections from various organs is sensitive to
heparinase digestion.23

In vivo studies also imply a major role for the HS-L-selectin interac-
tion in leukocyte recruitment in various inflammatory models. Heparin
infusion dramatically inhibited neutrophil infiltration into the peri-
toneal cavity following thioglycollate injection, and reduced ear thick-
ness and inflammatory cell infiltrate in a contact dermatitis model.24
Importantly, L- and P-selectin doubly deficient mice showed no further
decrease in leukocyte recruitment following heparin treatment,
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confirming that heparin inhibits inflammation primarily through
these two selectins.2 Similarly, the reduced HS sulfation achieved
by conditional deletion of Ndstl from only endothelial cells and
leukocytes results in reduced leukocyte recruitment in models of
peritonitis, 2> allergen-induced airway remodeling, 2627 and diabetic28
and experimental?! glomerulonephritis. Of particular interest was
the observation that chimeric WT mice with Ndst1-null bone mar-
row do not show any defect in thioglycollate-induced lymphocyte
homing, whereas KO mice given WT bone marrow show the same
reduction in cell infiltrate seen in the mice lacking both endothelial
and leukocyte Ndst1.25 Conversely, the compensatory increase in N-
and 6-O-sulfation resulting from endothelial Hs2st deletion leads to
increased leukocyte recruitment that is returned to control levels by
an L-selectin-blocking antibody.2? These results imply that the crucial
interaction is that between the sulfated motifs of endothelial HS and
leukocyte L-selectin, whereas leukocyte HS and P-selectin have little
effect in this context.

However, while most data indicate that endothelial HS promotes
leukocyte adhesion through L-selectin, some studies suggest that HS
may have an inhibitory effect on leukocyte attachment. For exam-
ple, heparinase digestion of microperfused murine venules results in
more adherent leukocytes3© and increased binding of fluorescently-
labeled microspheres coated with anti-ICAM-1 antibody,3! imply-
ing that the HS layer might inhibit leukocyte binding by masking
endothelial adhesion molecules and making them less accessible to
leukocyte integrins (Fig. 2). In support of this, intravital microscopy
showed that the loss of endothelial glycocalyx following LPS infu-
sion led to increased adhesion of GFP* neutrophils and of anti-
ICAM-1 microspheres in WT but not heparanase-null mice.32 These
results suggest that heparanase-mediated shedding of endothelial
HS in response to a potent inflammatory stimulus may expose more
adhesion molecules such as ICAM-1. Thus HS may play two sepa-
rate roles in leukocyte recruitment: directly by facilitating selectin-
mediated leukocyte attachment and rolling, and indirectly through reg-
ulating accessibility of other adhesion ligands such as ICAM-1. Fur-
ther studies are thus required to determine the relative contributions
made by HS as a selectin ligand, and as a barrier to ICAM-1 acces-
sibility, over time during the phases of initiation and resolution of an
immune response.

Given the multi-faceted role for endothelial HS in leukocyte
recruitment, one might expect the structure of HS to be altered in
response to inflammatory stimuli or tissue damage in order to regulate
immune cell infiltration, and there is evidence that this is indeed the
case. For example, endothelial HS sulfation is increased by in vitro
stimulation with TGF-,33 IFN-y,34 IL-18,3° or TNF3¢ with associated
upregulation of Ndst1, 2, Hsést1 and 2,36 and increased ability to bind
L-selectin?? and support the arrest and adherence of leukocytes.1? In
vivo, renal ischemia/reperfusion stimulates the formation of binding
sites for L-selectin in the interstitial capillaries that are not present
in the contralateral control kidney.3” Experimentally induced nephri-
tis is associated with increased expression of highly sulfated HS
domains,38 which are also seen in kidney sections from systemic lupus
erythratomatus (SLE) patients and MRL/Iupr mice3? but not healthy

controls. Thus, it seems likely that dynamically regulating the structure

of endothelial HS may be a mechanism to fine-tune cell recruitment

during an immune response.

2.3 | HSinthe ECM regulates activity of cytokines

Cytokine activity is determined by a combination of factors including
localization close to the target cell, susceptibility to inactivation by pro-
teolytic cleavage, and ability to interact with high affinity receptors.
Numerous cytokines have been demonstrated to bind heparin or HS in
vitro® but the biological consequences of this interaction for cytokine
activity have been explored for only a few cytokines. The available data
indicate that HS exerts diverse effects on different cytokines, which is
hardly surprising given the structural heterogeneity in this functional
class of molecules.

Although often described as soluble mediators, cytokines exert
their effects locally not systemically and binding to ECM HS has been
proposed as a mechanism for retaining cytokines close to their site
of production and action. For example, endogenous IL-2 is detectable
in murine spleen, liver sinusoids, and kidney glomeruli, and stain-
ing is absent after treating the sections with heparitinase, but not
with chondroitinase.#° Similarly, IFN-y injected into rats rapidly disap-
pears from the circulation and accumulates in specific tissues includ-
ing the liver, spleen, and kidney, which is inhibited by coinjection with
heparin.*! Thus, HS immobilizes certain cytokines in the extracellu-
lar space, forming localized reservoirs that may facilitate paracrine
signaling (Fig. 2).

Whether HS-immobilized chemokines are able to interact with
their receptor depends partly on whether the heparan- and receptor-
binding sites overlap. Surface plasmon resonance experiments demon-
strated that the binding of IFN-y to its receptor or to HS are mutually
exclusive,*2 which would imply that immobilized IFN-y in the matrix
cannot signal. However, endothelial monolayers pulsed with IFN-y
stimulate MHC-II upregulation by coincubated target cells which is
abolished by heparinase Il treatment,*3 suggesting that cell-surface
HS might present IFN-y in trans in a signaling-competent manner.
Whether HS-bound IFN-y must dissociate from the matrix to bind
its high-affinity receptor, or can bind both simultaneously, remains
unresolved. It was recently demonstrated for IL-2 that reservoirs on
endothelial and smooth muscle cells of blood vessels are liberated by
heparanase in a biologically active form that is competent to stimu-
late target cell proliferation.** Thus, changes to the matrix that occur
during inflammation may release cytokines from ECM reservoirs and
enable them to signal.

In addition to regulating availability of soluble cytokine, HS may
also influence cytokine activity by controlling their accessibility to pro-
teases (Fig. 2). For example, proteolytic cleavage of the C-terminal
portion of IFN-y increases receptor binding if fewer than ten termi-
nal amino acids are removed,*? but binding is decreased by larger
deletions.*> Heparin and highly sulfated HS bind IFN-y at its C-
terminus,*¢ and coinjection of heparin protects IFN-y from proteolytic
degradation in vivo.#” Heparin has also been shown to prevent degra-
dation of other cytokines including IL-6*8 and IL-74? in vitro. Thus
binding to matrix HS may serve to protect the active form of the

cytokine, as well as forming local reservoirs.
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Soluble HS fragments released in inflammation may also regu-
late signaling of some cytokines by promoting their interaction with
receptors on target cells. It has been demonstrated that addition of
soluble HS to cells that lack detectable levels of this GAG on their
surface augments IL-5-induced proliferation®® and IL-12-stimulated
IFN-y production.”! The mechanism by which soluble HS promotes
signaling of these cytokines has not been explored, and the rele-
vance of these observations to inflammatory processes in vivo is not
yet clear.

3 | SOLUBLE HS DIRECTLY STIMULATES
IMMUNE CELLS, ACTING ON APCS TO
CONTROL IMMUNE RESPONSES

HS fragments liberated from the ECM by enzymes released during
inflammation can promote immune activation by signaling through
TLR4 and activating APCs.

3.1 | HSisdegraded ininflammation to become
a potent TLR4 ligand

It has become evident that soluble fragments of HS can signal through
TLR4, an innate pattern recognition receptor for which the prototypic
ligand is bacterial LPS. Stimulation of dendritic cells (DCs) with HS
fragments induces upregulation of costimulatory molecules including
CD86 and CD40 and secretion of proinflammatory cytokines,>2 which
is inhibited by TLR4 mutation or the TLR4 antagonist Rs-DPLA.>3
These findings suggest that HS is a non-classical ligand for TLR4 that
is capable of signaling to trigger immune activation (Fig. 3). Simi-
larly, cardiac fibroblasts stimulated with HS upregulate V-CAM1 and
I-CAM1, leading to increased adhesion of polymorphonuclear neu-
trophils (PMNs) and smooth muscle cells, which is completely abol-
ished by the TLR4 inhibitor TAK-242 or by blocking the downstream
signaling molecules NFkB or PI3K/Akt.>*

Proliferation of T cells after coincubation with allogeneic DCs is
augmented by soluble HS, but not when the DCs come from mice
deficient in TLR4 or its adaptor protein MyD88. However, knockout
of these molecules in T cells had no effect,”> and HS treatment of
purified T cells stimulated with anti-CD3 in the absence of DCs did
not augment proliferation,®® demonstrating that HS indirectly con-
trols lymphocyte activity through regulating APC maturation. Further-
more, murine peritoneal macrophages stimulated with HS upregulate
IL-1, IL-6, TNF, and IL-12, and show increased cytotoxicity toward a
leukemia cell line.>” In vivo evidence for the role of the HS-TLR4 axis
in inflammation comes from infusion of soluble HS into the pancreas of
mice, which results in neutrophil infiltration and increased myeloper-
oxidase activity in WT but not TLR4-null mice.>8

It is thought that the elevated activity of metalloproteases,>?
heparanase,®? and other enzymes that occurs in inflammation liber-
ates HS fragments from cell-surface and ECM HSPGs. These soluble
HS fragments could then signal through TLR4 to alert the immune
system to tissue damage, thus acting as a damage-associated molec-

ular pattern (DAMP). In support of this hypothesis, endothelial cells
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with metabolically labeled sulfated GAGs show a decrease in cell-
surface HS and an increase in smaller HS fragments in the con-
ditioned medium upon LPS stimulation®? or exposure to activated
neutrophils, which can be reduced by inhibitors of serine proteases
and elastase.b? Furthermore, heparanase treatment of human PBMCs
resulted in a reduction of cell-surface HS and an upregulation of proin-
flammatory cytokines similar to that seen by addition of HS fragments,
which was abrogated by inhibitors of heparanase or by MyD88 or
TLR4 deficiency.63

In vivo administration of the serum protease inhibitor alpha-1 anti-
trypsin (A1AT) to recipients of allogeneic bone marrow transplants
increased survival and lowered serum HS and histological scores. Fur-
thermore, while TLR4 gene deletion conferred some protection from
graft-versus-host disease, no further benefit was seen with A1AT
treatment,> indicating that the protective effects of A1AT are medi-
ated through the HS-TLR4 axis. Similarly, injection of elastase into WT
mice induced loss of HS from blood vessels, an increase in serum TNF
and ultimately death of the mice, whereas TLR4-null mice showed
improved survival.®4 Collectively, these results suggest a pathway in
which fragments of HS produced enzymatically during inflammation
signal through TLR4 to further activate the immune system, which may
have beneficial or detrimental effects depending on the context.

There is evidence to suggest that the immune system is able to dis-
tinguish between endogenous stimuli indicative of tissue damage and
exogenous stimuli present as a result of infection, enabling a context-
appropriate response to be mounted. For example, macrophages
stimulated with LPS or the matrix glycoprotein tenacin-C, which is
produced upon tissue injury and also signals through TLR4, resulted
in different transcriptional responses and two distinct macrophage
phenotypes.®> LPS-stimulated macrophages had greater collagen-
degrading ability and inflammatory cytokine production, whereas
tenacin-C treatment induced macrophages to synthesize collagens
and other proteins associated with tissue repair. One might thus
predict that HS, another endogenous DAMP that signals through
TLR4, also stimulates an immune response different to that induced
by LPS. In support of this, the kinetics of TLR4 signaling in response to
LPS or HS are different, with LPS inducing much more rapid nuclear
translocation of NFkB than HS®3 and HS triggering a slower and
more sustained increase in intracellular calcium.® Further studies are
required to define how TLR4 signaling induced by endogenous DAMPs
such as HS is different to that induced by infection-associated stimuli
such as LPS, and whether this results in context-appropriate responses
from the immune cell.

4 | HS ON LEUKOCYTE SURFACE
REGULATES THEIR IMMUNE AND
INFLAMMATORY FUNCTIONS

Although frequently considered a matrix molecule, HS is expressed on
the surface of most cells, including immune cells, in the form of pro-
teoglycans. In addition to regulating receptor interactions both cell
autonomously and through ligand presentation to other cells, leuko-

cyte cell-surface HS appears to contribute to specific functions such
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as phagocytosis. This may be a physiologically relevant mechanism
of immune regulation, as the structure of leukocyte HS is altered in
response to various inflammatory stimuli.

4.1 | Leukocyte HS promotes phagocytic activity

Cell-surface HS is thought to be involved in recognition and uptake
of dead cells by phagocytes through exposure of HS binding sites on
late apoptotic and necrotic cells that have lost membrane integrity
(Fig. 3). For example, FITC-labeled heparin was found to bind to the
surface of apoptotic and necrotic cells, but not live cells, and this
interaction was inhibitable by heparin but not dermatan or chon-
droitin sulfates.6” Beads coated with anti-HS antibodies were bound
and internalized by epithelial cell lines, but not if the cells had been
pretreated with heparinase Il or in the presence of inhibitors of PKC
or actin polymerization,%8 suggesting that ligation of cell-surface HS is
sufficient to stimulate actin-mediated endocytosis in non-professional
phagocytes. Similarly, CHO cells and human skin fibroblasts bind and
internalize latex beads, and this is strongly reduced by the addition
of heparin or soluble HS fragments or by pretreatment of the cells
with heparinase 111.6? Additionally, CHO mutant cells lacking the
ability to synthesize HS showed defective binding and internalization
of the beads, adding further support to an HS-mediated mechanism
of phagocytosis. These studies were performed in largely artificial
systems with non-professional phagocytes, but there is some evidence
that an HS-dependent mechanism of phagocytosis is conserved in
a relevant immune setting: human PMNs more efficiently bind and
internalize a strain of Helicobacter pylori that can bind HS than a strain
without HS-binding ability, and preincubation of the bacteria with
heparin inhibited uptake of the HS-binding strain but did not further
reduce uptake of the non-HS-binding strain.”® However, further stud-
ies are required to determine the relative contribution that HS makes
as an endocytic receptor in the presence of canonical phagocytic
receptors, antibodies and other opsonins that have an established role

in phagocytosis in vivo.”!

4.2 | Leukocyte HS regulates responses
to inflammatory mediators

HS on the surface of leukocytes appears to play a role in regulating
signaling of certain inflammatory mediators through their cell-surface

receptors, either by promoting ligand interaction with its receptor,

T

FIGURE 3 Leukocyte HS plays many roles
in immune regulation. Heparan sulfate proteo-
glycans facilitate uptake of late apoptotic and
necrotic cells, although the mechanism remains
unclear. Soluble fragments of HS released dur-
ing tissue inflammation activate cells through
TLR4. HS chains on leukocyte membrane pro-
teins can promote or inhibit receptor-ligand
interactions for cytokines and growth factors.
Cell-surface proteoglycans can also regulate sig-
naling in trans by presenting growth factors
such as FGF-2 to target cells

Presentation
of mediators
to other cells

e.g. FGF-2

thus acting as a coreceptor, or by inhibiting receptor-ligand interac-
tions, depending on the ligand (Fig. 3). For example, the B cell activat-
ing factor APRIL, which is essential for IgA class switching in response
to mucosal antigens,”? requires HS on the B cell surface for optimal
receptor activation and downstream signaling. Heparinase IIl diges-
tion of B cells strongly reduced APRIL-induced proliferation, IgA pro-
duction, and NFkB translocation.”® APRIL can be competed off the B
cell surface by heparin, and mutant forms of APRIL without HS-binding
ability fail to stimulate IgA production by B cells.”* APRIL does not bind
to the surface of Glce™~ B cells, which lack iduronic acid residues, and
cannot promote their survival in vitro.”> This may be due to altered
downstream modifications by the 2-O- and 6-O-sulfotransferases,
whose activity is affected by epimerase inactivation.”®

Another B cell factor, IL-7, also binds heparin and HS, and IL-
7-dependent proliferation is inhibited by the addition of heparin,?
suggesting that binding to cell-surface HS promotes IL-7 interacting
with its receptor. In support of this, heparitinase treatment of pri-
mary B cell precursors diminished surface binding of IL-7 and reduced
IL-7-driven proliferation.””

IL-10 binds both heparin and HS, and the addition of soluble frag-
ments of HS inhibits the ability of IL-10 to upregulate CD64 and CD16
on monocytes.”8 Similarly, IL-10 induced expression of these mark-
ers is inhibited by treatment of monocytes and macrophages with
sodium chlorate, which prevents sulfation of GAGs,’8 indicating that
cell-surface HS promotes the interaction of IL-10 with its receptor. The
crystal structure for IL-10 bound to IL-10R 1 shows no overlap with the
GAG-binding site,”? but there is currently no crystal structure of the
ternary complex composed of IL-10 and both receptor subunits. There-
fore, it remains unclear whether HS acts directly as a coreceptor in the
formation of productive IL-10-IL-10R complexes, or simply facilitates
IL-10 signaling by preventing diffusion of the cytokine away from the
cell surface.

Cells transfected with the splice variant of the hyaluronan receptor
(CD44) containing HS attachment sites retain hepatocyte growth
factor (HGF) on their cell surface, whereas no binding is seen on cells
expressing the isoform of CD44 lacking the HS attachment region.8°
The same study showed that ability to bind HGF on the surface
resulted in phosphorylation of the HGF receptor tyrosine kinase
c-Met, and of ERK-1 and ERK-2. Surface binding and signaling were
abolished by heparitinase (but not chondroitinase ABC) treatment
or by mutation of the HS-binding domain of HGF, suggesting that

HS-mediated capture of HGF on the cell surface facilitates receptor



COLLINS AND TROEBERG

binding and activation. This appears to be a relevant mechanism in B
cells since human tonsillar B cells activated by coincident ligation of
CD40 and the BCR express a higher molecular weight form of CD44,
with concurrent acquisition of HGF-binding ability. Downstream
c-Met phosphorylation was abolished by heparitinase treatment
of activated B cells,8! indicating that CD44 is decorated with HS
following proinflammatory stimulation.

However, leukocyte HS may not always promote ligand-receptor
interactions, as for certain ligands it acts instead as a barrier and
inhibits signaling. Macrophages deficient in HS sulfation through dele-
tion of Ndst1 show increased responsiveness to IFN- 4 stimulation and
elevated production of proinflammatory cytokines and chemokines,82
suggesting that the role of HSPGs in IFN-g signaling is to sequester
it away from its receptor and thus maintain macrophages in a

quiescent state.

4.3 | Leukocyte HS regulates cell activation in trans

In addition to these cell-autonomous functions, leukocyte cell-surface
HS can also be involved in presentation of growth factors or inflam-
matory mediators produced by leukocytes to their target cells, as has
been demonstrated for fibroblast growth factor 2 (FGF-2) (Fig. 3). Dur-
ing monocyte-to-macrophage maturation, cells aquire the capacity to
bind FGF-2, which is inhibitable by heparin and further augmented by
stimulation with IL-1 or LPS.83 The same study showed that activated
macrophages augmented the proliferative response of HS-deficient
BaF32 cells to low concentrations of FGF-2, which was abolished by
heparinase lll treatment, indicating that macrophage HS enables trans-
presentation of FGF-2 to target cells in a signaling-competent manner.
Similarly, activated macrophages increase expression of the CD44v3
isoform of the hyaluronan receptor that contains HS chain attach-
ment sites, and cell lines transfected with this HS-sufficient form of
CD44, but not those with the HS-deficient variant, augmented FGF-
2-induced proliferation of BaF32 cells.84 Interestingly, both studies
found that T cells do not increase expression of CD44v3 or their total
HS levels upon mitogenic stimulation, and T cells actually decrease
HS expression and lose the ability to bind FGF-2 during consecu-
tive rounds of proliferation.8> These observations suggest that HS-
mediated trans-presentation of growth factors may be a mechanism
unique to those cells producing such growth factors upon activation. It
remains to be determined whether modulation of HS expression regu-
lates the activity of other HS-binding inflammatory mediators through
surface presentation.

4.4 | Leukocyte HS structure is altered during
inflammation

For leukocyte HS to be considered an active regulator of cell responses,
it must itself be altered during the course of an immune response to
facilitate changes in inflammatory processes, and there is increasing
evidence that such dynamic regulation of HS does occur. B cells from
virus-infected mice, or stimulated in vitro with the IFN-I-inducer
Poly 1:C or IFN-8, show increased surface expression of HS and

augmented APRIL-induced production of 1gA.8¢ Similarly, stimulation
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with PMA or ligation of CD40 results in an increase in HS on the B
cell surface and a switch to the higher molecular weight form of CD44
that has HS chains.8! HS structure may also be regulated during B
cell development, as ligation of the pre-BCR induces upregulation
of numerous HS-associated genes including Hs3st1.87 Furthermore,
microarray analyses of different B cell subsets show greater expres-
sion of HS biosynthetic enzymes in plasma cells than memory B cells,8
suggesting activation is associated with an increase in cell-surface HS.

Differential expression of HS is also a feature of macrophage
subsets, as human monocyte-derived macrophages polarized to an
anti-inflammatory reparative phenotype display greater upregulation
of sulfotransferases than proinflammatory macrophages, resulting in
more cell-surface HS with a higher degree of 2-O-sulfation.8? Impor-
tantly, this differential expression of HS was shown to have functional
consequences: reparative macrophages bound more FGF-2 and aug-
mented the FGF-2-dependent proliferation of a target cell line, consis-
tent with the requirement of 2-O-sulfation for FGF-2 binding.?® This
suggests that the expression of more highly sulfated HS in repara-
tive macrophages may be important for their role in the resolution of
inflammation. Various other stimuli have been reported to affect HS
structure on macrophages, such as LPS and TNF which induce upreg-
ulation of HS3ST3B and consequently an increase in 3-O-sulfation,”?
and hypoxia which significantly reduces expression of biosynthetic
enzymes and total HS content.?2

Interestingly, macrophages from the synovial fluid of RA and SLE
patients show greater FGF-2 binding than blood monocytes,83 and
CD44-HS splice variants were highly expressed in RA but not OA joints
and colocalized with staining for macrophage markers and FGF-2.84
These findings suggest that excessive growth factor activity seen dur-
ing chronic inflammation may be partly due to aberrant regulation of

leukocyte HS sulfation.

5 | CONCLUSIONS

It is becoming increasingly apparent that HS has multiple roles in
immune regulation and signaling during inflammation, both in the
microenvironment and on the cell-surface of leukocytes. Soluble HS
fragments also have signaling properties and may serve as indicators of
tissue damage. Further studies are required for a better understand-
ing of the changes in HS expression that occur during inflammation
and the structural requirements for binding and regulation of immune
mediators. Understanding these structure-function relationships will
be essential for the development of therapeutics that interfere these
processes to combat immunopathology, which might take the form of
synthetic HS oligosaccharides or HS-specific antibodies.
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