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Abstract 

 

Mannose receptor (MR) is an endocytic lectin receptor with the 

capacity to bind sugars and collagen through its different domains. 
This receptor is mainly found in macrophages and dendritic cells and 

is important in pathogen recognition, cell activation, antigen 
presentation, control of homeostasis, and cell adhesion. It has been 

under study over the past decades and became a target in drug 
development. With the intention to modulate its function, our group 

had developed a library of glycopolymers, with different sugar 
moieties conjugated as pendant groups and with different lengths 

able to bind to different domains of MR.  Our previous studies 
showed that glycopolymers with SO4-3-Gal sugar moieties were able 

to bind to mouse macrophages through the CR domain of MR in a 

pH-independent manner leading to decreased MR expression on the 
cell surface and inhibiting the collagen uptake activity in these cells. 

Its mechanism of action is thought to be by trapping of MR in the 
form of a complex of glycopolymer-MR in the endosome. The 

hypotheses of this project are that SO4-3-Gal glycopolymers could 
be recognised by human MR and modulate MR-function in human 

myeloid cells. Therefore, the aims of this project are: 1) Investigate 
the recognition of SO4-3-Gal glycopolymers by the CR domain of 

human MR and by human myeloid cells; 2) Investigate the effect of 
glycopolymers on MR function in human myeloid cells; and 3) 

Investigate the effect of glycopolymers on MR distribution within 
human myeloid cells. The results showed that SO4-3-Gal 

glycopolymers are recognized by human macrophages and its 
binding is dependent on polymer concentration and temperature of 

incubation. These polymers inhibited MR surface expression, as well 

as, decreased collagen uptake by human monocyte-derived 
macrophages. Macrophages were affected by these polymers and 

presented less MHCII molecules on its surface in response to IFN-γ 
and produced less kynurenine in response to IFN-γ and LPS. 

However, it was not possible to confirm trapping of MR in the 
endosome. It was also found that IFN-γ stimulation in human 

macrophages does not lead to decreased MR expression, as it is 
expected in mice.  The results achieved in this thesis with the SO4-

3-Gal GPs are novel in relation to MR surface blocking, collagen 
uptake inhibition and IDO inhibition in human macrophages. It adds 

to the current targeting strategies of MR. It also opens the possibility 
to explore cellular activities that could be affected by carbohydrate-

based targeting approaches like modulation of cell growth, cell 
migration or other effector functions such as cytokine release. 
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Chapter 1 - Introduction 

 

1. Glycan biology 

 

Glycans (carbohydrates, sugars) cover the surfaces of mammalian 

cells as attachments to protein and lipid backbones and is produced 

through a process called glycosylation. During the glycosylation 

process molecules are transported from the endoplasmic reticulum 

to the Golgi and the cell membrane (van Kooyk and Rabinovich, 

2008). Glycans are among the molecules with the most complex 

structures (Varki et al., 2015). They play a major role in the control 

of both the innate and adaptive immunity (Marth and Grewal, 2008, 

Rabinovich et al., 2012, van Kooyk and Rabinovich, 2008, Johnson 

et al., 2013), and is part of multiple biological processes, such as 

cell proliferation and differentiation which are key during 

development (Johannssen and Lepenies, 2017).   

The glycosylation process is mediated by a number of enzymes 

including both glycosyltransferases – enzymes that catalyse the 

transfer of a sugar from a nucleotide sugar donor or a lipid sugar to 

a substrate , and glycosidases – enzymes that catalyse the 

hydrolysis of glycosidic bonds in glycan molecules (van Kooyk and 

Rabinovich, 2008). More than 100 genes encoding for 

glycosyltransferases and glycosidases have been characterized 

(Ohtsubo and Marth, 2006). Glycosylation provides structural 

variations to a given protein, leading to identical proteins linked to 

different glycan structures, which are known as glycoforms. This 

diversity gives the mammalian glycome - all the glycans in a 

particular cell tissue, or organism (Cummings and Pierce, 2014), an 

estimated variation of thousands of potential glycan structures 

(Cummings, 2009). The mammalian glycosylation inventory 

comprises N-linked glycosylation and O-linked glycosylation (van 
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Kooyk and Rabinovich, 2008). Glycans linked to lipids or proteins 

through a nitrogen atom is said to be N-linked, whilst glycans linked 

by an oxygen atom is said to be O-linked. Both types of glycans are 

found at the extracellular surface of the plasma membrane (Taylor 

and Drickamer, 2011). Glycans biosynthesis is dictated by 

metabolism, signal transduction, and cellular status (Hudak and 

Bertozzi, 2014). The enzymatic process of vertebrate glycosylation 

uses several monosaccharides (fucose, galactose, N-

acetylgalactosamine, glucose, N-acetylglucosamine, glucuronic acid, 

mannose, sialic acid and xylose) which, in combination, provide a 

large variety of potential glycans due to the many different types of 

anomeric linkages that are possible between two monosaccharides 

and the formation of branches (Ohtsubo and Marth, 2006). This 

determines the three-dimensional orientation and shape of the 

glycan which is critical for recognition by carbohydrate-binding 

molecules. Glycan pattern recognition is highly specific, requiring 

precise spacing of multiple atomic-binding determinants in a distinct 

glycan structure.  

Cells, whether eukaryotic or prokaryotic, present a sugar coat on its 

surface: the glycocalyx (Varki, 2011, Cohen and Varki, 2010). In 

vertebrates, the glycocalyx comprises glycoproteins, glycolipids and 

proteoglycans. This is the immediate source of interaction with the 

environment and mediates cell-cell and cell-pathogen contact. The 

cell-glycan interaction plays a role in activation, trafficking, and 

regulation of immune cells. Nearly all cell-surface and secreted 

proteins are glycoproteins (Schnaar, 2016).  
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1.2. C-type Lectins 

 

Glycans interact with glycan binding proteins (lectins), through 

carbohydrate recognition domains (CRDs) that bind specific 

groupings of 2-7 sugars in precise configurations (Taylor and 

Drickamer, 2014). One exception are the singlets which bind sialic 

acids residues through immunoglobulin(Ig)-like domains (Bornhöfft 

et al., 2018). Thus, glycan recognition depends on the specific 

arrangement of sugars. There are more than 80 lectins in humans 

that serve in both self and pathogen recognition. Lectins initiate and 

regulate inflammation and recognize and destroy pathogens; 

however, pathogens may subvert the immune system by secreting 

enzymes that hydrolyse glycans on its cell wall, diminishing potential 

recognition (Garfoot et al., 2016). Another mechanism used by 

pathogens (e.g. meningococci, Trypanosoma and Helicobacter) to 

escape the immune system is to synthesize glycans that include 

terminal structures similar to those found in mammalian glycans, a 

mechanism known as molecular mimicry (van Kooyk and 

Rabinovich, 2008).   

Among the known lectins, C-type lectin receptors (CLRs) are the 

largest and most diverse of the lectins found in animals. CLRs can 

be found as transmembrane or secreted proteins. A modular 

carbohydrate–recognition domain (CRD) that in most cases binds 

sugars in a Ca2+-dependent manner is found in C-type lectins (Weis 

et al., 1998). C-type CRDs found in the immune system can 

contribute to cell adhesion, turnover of glycoproteins and pathogen 

recognition (Weis et al., 1998). Soluble C-type lectins can function 

as growth factors, opsonins (mannose binding lectin, ficulins), 

antimicrobial proteins and may also be found in the extracellular 

matrix (galectins) and they regulate processes such as 

development, respiration, coagulation, angiogenesis and 
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inflammation (Brown et al., 2018). Signalling pathways in C-type 

lectin receptors are diverse.  

The expression of individual C-type lectins is often limited to cell 

lineages and such receptors can function as cell-type-specific 

markers (Brown et al., 2018).  

Residues that are conserved among C-type CRDs form a 

hydrophobic core and disulphide bonds that define the overall fold 

of the domains (Weis et al., 1992). Sugar binding domains that do 

not necessarily bind sugars through a conserved Ca2+-binding site 

are known as C-type lectin-like domains (CTLDs) (Weis et al., 1998).  

C-type lectins are a family of more than 1000 proteins that are 

defined by having one or more CTLDs (Brown et al., 2018). Proteins 

were divided in 16 groups on the basis of phylogeny and domain 

organization (Drickamer and Taylor, 2015). These molecules may 

bind to carbohydrates in a Ca2+-dependent manner through 

conserved residues within the CTLD, for example, motifs like Glu-

Pro-Asn (EPN) confers specificity for mannose residues while Gln-

Pro-Asp (QPD) motifs confers specificity to galactose  (Zelensky and 

Gready, 2005, Weis et al., 1998). Lectin groups 1, 2, 3, 4 and 6 

(Mannose Receptor family) have domains that bind glycans at the 

conserved Ca2+-binding site. Groups 5 and 8 possess domains that 

bind sugars through non-canonical sites. Other groups contain C-

type lectin-like domains but lack Ca2+-binding site residues and 

sugar-binding (Drickamer and Taylor, 2015).  
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C-type lectin groups Type of binding 

Group 1, Group 2, Group 3, 

Group 4 (Selectin family), 

Group 6 (Mannose receptor 

family)   

Bind glycans at the conserved 

calcium-binding site 

Group 5 (Dectin-1), Group 8 

(Layilin) 

Bind glycans through non-

canonical sites 

Group 7, Group 9, Group 10, 

Group 11, Group 12, Group 13, 

Group 14, Group 15, Group 16,  

Lack sugar binding 

Table 1. C-type lectins groups’ organization with its respective type of 
binding. 

 

Transmembrane CLRs can trigger signalling pathways that result in 

the activation or inhibition of cell functions. CLR engagement by 

pathogen-derived ligands or self-ligands may lead to endocytosis 

and/or elicit signalling pathways in CLR-expressing cells. The 

signalling cascade induced upon CLR activation is strongly affected 

by the intracellular motif present in the cytoplasmic domain of the 

CLR itself or associated CLR adaptor proteins. In some instances, 

signalling pathways are induced through immunoreceptor tyrosine-

based activation motifs (ITAMs). ITAMs can either be an integral 

component of the CLR cytoplasmic tail or may require the use of 

adaptor signalling proteins. In myeloid cells, ITAMs facilitate 

recruitment of tyrosine-protein kinase ZAP70 (SYK kinase) in T cells, 

which induces a downstream signalling pathway (Geijtenbeek and 

Gringhuis, 2016) that primarily induces Nuclear factor κB (NF-κB)-

dependent pro-inflammatory responses. In contrast, inhibitory 

receptors recruit tyrosine and inositol phosphatases, including SHP1 

and SHP2, which negatively regulate the inflammatory signalling 

pathways induced by other receptors (Redelinghuys and Brown, 

2011). CLR-mediated signalling impacts important functions in 
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antigen presenting cells (APCs) such as cytokine production, the 

expression of costimulatory molecules, and subsequent T cell 

activation.  

 

 

1.3. The Mannose Receptor superfamily: Dec205, 

Endo180, mPLAR and MR 

 

MR superfamily in humans, includes MR, the urokinase-type 

plasminogen activator receptor-associated protein (Endo180), 

PLA2R and DEC 205 (Martinez-Pomares, 2012). Each of these 

receptors possess a Cysteine Rich (CR) domain, a fibronectin type II 

(FNII) domain and eight (MR, Endo180, PLA2R) or ten (DEC-205) C-

type lectin-like domains (CTLDs). 

 

MR and Endo180 
 

MR and its other family member, Endo180, mediate collagen uptake 

by macrophages and fibroblasts. This process is necessary for tissue 

remodelling, as well as, facilitates the spread of tumors (Madsen et 

al., 2017). Collagen is a major component of extracellular matrix. 

Type I collagen is found in interstitial matrix and forms highly 

ordered suprastructures in the cornea, skin, tendons and bones. 

Perturbed collagen homeostasis is associated with a range of 

diseases, including organ fibrosis, scarring, and arthritis. Malignant 

tumor cells need to breach collagen-rich matrices to disseminate and 

form metastasis (Bonnans et al., 2014). Collagenolytic matrix 

mettaloproteinases (MMPs) initially cleave fibrillary collagens at a 

single site (Fields, 2013). Collagen fragments are further degraded 

by extracellular proteinases or internalized by macrophages and 

fibroblasts for lysosomal degradation (Everts et al., 1996, Madsen 

et al., 2011). One important route for collagen clearance is through 

endocytosis by the mannose receptor (MR) and Endo180 (East et 
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al., 2003, Martinez-Pomares et al., 2006b). Cleaved or heat-

denatured collagen (gelatin) is internalized with higher avidity than 

intact collagen (Madsen et al., 2007). FNII domains mediate gelatin 

binding in MR (Napper et al., 2006b) and Endo180 (Wienke et al., 

2003). CR domain is not active in Endo180 (East and Isacke, 2002), 

therefore binding of sulfated sugars to this receptor is not expected. 

Endo180 binds mannose, fucose and N-acetylglucosamine in a Ca2+-

dependent way (East et al., 2002). In Endo180, the critical FNII 

domain is integrated into a rigid L-shaped structure that allows the 

adjacent CTL1 domain to participate in collagen binding. 

Carbohydrate binding to the CTL2 domain augments binding of 

glycosylated type IV collagen to Endo180 (Jürgensen et al., 2011). 

Endo180 possess multiple binding sites for type I collagen. The 

interaction between Endo180 and collagen is likely represented by a 

multivalent interaction of a single triple helix with several receptors 

(Jürgensen et al., 2011, Madsen et al., 2007). Collagen binding to 

MR and Endo180 is not Ca2+-dependent (Jürgensen et al., 2011, 

Martinez-Pomares et al., 2006b). 

 

MR 

 

MR (or CD206) is an endocytic receptor, part of C-type lectins, 

present on the surface of selected populations of macrophages, 

dendritic cells (DCs) and nonvascular endothelium cells (Martinez-

Pomares, 2012). MR has numerous roles including clearance of 

endogenous molecules, promotion of antigen presentation, and 

modulation of cellular activation and trafficking (Martinez-Pomares, 

2012). In rabbit alveolar macrophages, MR was identified as a 175 

kDa transmembrane receptor (Wileman et al., 1986). 

MR has two independent lectin sites, the cysteine rich (CR) domain 

that recognises sulphated sugars presented in glycoprotein 

hormones such as lutropin and chondroitin sulfate A and B (Taylor 
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et al., 2005). The CR domain binds sulfated galactose and N-

acetylgalactosamine (GalNAc) in positions 3 and 4 in a calcium-

independent manner (East and Isacke, 2002, Taylor et al., 2005, 

Leteux et al., 2000, Liu et al., 2000). The domain folds into a 

threefold symmetrical β-trefoil shape (Liu et al., 2000). The other 

lectin site – the CTLD - recognizes mannose, fucose, N-acetyl-

glucosamine (GlcNAc) in a calcium-dependent manner (Taylor et al., 

2005, Taylor et al., 1992, Taylor and Drickamer, 1993). MR CTLDs 

binding affinity for sugars is as follows: L-Fucose = D-Mannose > D-

GlcNac ~ D-Glc > D-Xyl (Shepherd et al., 1981). The orientation of 

the hydroxyl at C-4 of mannose is crucial for the formation of a high 

affinity recognition site. C-6 appears to be less important, but still 

play partial role in receptor recognition. Orientation of hydroxyl in 

C-2 determines the different affinity between D-mannose and D-

glucose for the receptor (Figure 1).  

 

Figure 1. Different forms of D-Glucose and D-Mannose. The same carbons 
are numbered from 1 to 6 in the open-chain form and in the cyclic form of D-
Glucose and D-Mannose. The Carbon 1 in the cyclic form is asymmetric, 
meaning that there are two forms for each D-Mannose and D-Glucose.  
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In contrast to Mannose receptor which is known to bind both sulfated 

and mannosylated glycans through distinct CRDs, the C-type lectin, 

Langerin, is present on the surface of Langerhans cells and is 

extremely unique among C-type lectins, recognizing both sulfated 

and mannosylated glycans via a single CTLD in a Calcium dependent 

manner (Tateno et al., 2010). In MR, the CR domain binds sulphated 

carbohydrates, particularly, galactose or GalNAc sulphated in 

Position 3 or 4 (Martinez-Pomares, 2012), Langerin binds to 6’-sulfo-

LacNAc (N-acetyl-D-lactosamine) (van Gisbergen et al., 2005), 

whereas no binding was observed for either its position isomer, 6-

sulfo-LacNAc (Terada et al., 2005), or unsulfated form. A weak, but 

significant signal was also observed for 6-sulfated GlcNAc (Tateno et 

al., 2010), suggesting that sulfate at the C-6 of the non-reducing 

end sugar might be important for Langerin recognition. This way, 

MR and langerin do not bind sulphated glycans in the same manner.  

Mannose receptor also has a key role in collagen internalization 

through the FNII domain (Figure 2). Glycosylation, proteolytic 

cleavage and changes in conformation are able to alter MR function 

(Martinez-Pomares, 2012). MR was also shown to recognize 

glycosylation sites of Hepatic Growth Factor B-chain (HGF-β) in a 

Ca2+-dependent manner, mediated by CTLD (Ohnishi et al., 2012).  
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Figure 2. Structure of MR. Mannose receptor possesses three main regions 
– the Cysteine-Rich lectin domain (CR) which binds sulphated sugars (sulfated 
galactose and sulfated N-acetylgalactosamine), glycoprotein hormones such 
as lutropin and chondroitin sulfate A and B; the Fibronectin type II (FN II) 
domain which binds collagen and eight C-Type Lectin-like Domains (CTLD) 
which binds mannose, fucose and N-acetylglucosamine.  

 

MR is a highly endocytic receptor which undergoes constant 

recycling between the plasma membrane and the early endosomal 

compartment (Gazi and Martinez-Pomares, 2009). Endosomal 

acidification is thought to induce ligand release from the receptor, 

with the empty receptor recycling back to the surface. The recycling 

process is dependent on actin polymerization (Figure 3).  

In the cytoplasmic tail of Mannose Receptor (MR), a di-aromatic 

motif of Tyr18-Phe19 mediates receptor endosomal sorting 

(Schweizer et al., 2000). Signaling pathways mediated by other 

CLRs such as macrophage MR or DEC205 remains largely unknown. 
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Figure 3. Overview of MR function. (a) Glycosylation of the mannose 
receptor regulates binding properties. (b) MR recycles constantly between the 
membrane and the early endosomal compartment with most of the receptor 
being found at the early endocytic compartment. (c) MR shedding is induced 
by dectin-1 engagement. MR ligands can undergo degradation in the 
lysosomes (d), be presented through the MHCII and CD1b pathways (e), or 
cross-presented (f) by MHCI. (g) MR modulates cell activation through TLR 
and FcR activation. Adapted from (Martinez-Pomares, 2012). 

 

 

 

 

MR; an historical perspective  
 

In 1978, the first study (Stahl et al., 1978) showing evidence of 

alveolar macrophages from rats being able to bind glycoproteins was 

published. In the definition of receptor-mediated binding it is 

necessary to observe ligand specificity and saturability.  Saturability 

of binding to the receptor when increasing amounts of ligand are 

presented to the cells demonstrates a limited number of binding 

sites per cell, with the binding strength depending of the chemical 

structure of the ligand (Stahl et al., 1978). Glycoconjugates with 

galactose at the terminal position did not bind to alveolar 
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macrophages and did not function as an effective inhibitor. The 

recognition of glycoproteins by alveolar macrophages showed to be 

serum-independent; it was restricted to macrophages and was not 

present on polymorphonuclear leukocytes or lymphocytes (Stahl et 

al., 1978). 

Receptor-mediated endocytosis is employed by many eukaryotic 

cells as a means of assimilating macromolecules with high selectivity 

from the environment (Tietze et al., 1980). Glycoconjugates uptake 

by macrophages involved binding of ligand to the receptor and 

subsequent internalization of the receptor-ligand association (Tietze 

et al., 1980). Uptake was observed to proceed linearly over time and 

this was explained by receptor recycling within the cell (Tietze et al., 

1980). In other words, when the receptor-ligand complex is 

internalized, the ligand is dissociated from the receptor inside the 

cell, allowing the receptor to be recycled back to the membrane 

(Tietze et al., 1980). At 4 °C, it is believed that mannosylated 

macromolecules only bind to the cell surface (Stahl et al., 1980), for 

internalization of receptor-glycomolecule to occur, a higher 

temperature is necessary (37 °C). In alveolar macrophages, uptake 

inhibition was only seen after the bulk of receptors were internalized. 

It was also observed that a large fraction of receptors remained 

inside the cells at any given time.  

The MR endocytic process was shown to involve binding of the 

molecule to a specific receptor and its association with coated pits 

on the membrane and internalization in coated vesicles (Tietze et 

al., 1982). After internalization, the ligand dissociates from the 

receptor and may be redirected for degradation in the lysosomes 

(Goldstein et al., 1979). Evidence of receptor recycling was initially 

indirect; (i) the ability of cells to internalize ligands far exceeded the 

number of receptors on the membrane and (ii) uptake proceeds in 

the absence of protein synthesis. Receptor-ligand (R-L) complex 

may follow the ‘Cycling pool’ path and be recycled back to the 
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membrane (Tietze et al., 1982). R-L complex may also follow the 

‘non-releasable pool’ path, in this compartment, a drop in pH in the 

endosome causes dissociation of receptor-ligand (Figure 4).   

  

Figure 4. Expanded mechanism for the mannose-specific endocytosis 
receptor. Diagram showing the free receptor pool and the receptors that are 
part of the cycling pool. Dissociation of receptor-ligand is pH dependent. 
Intracellularly there is a pool of unoccupied receptors that move to the surface. 
The receptor-ligand may continuously cycle between the intracellular 
compartments and cell surface. Weak bases could cause a depletion of 
surface receptor pool by 50-80%. This depletion could result from the trapping 
of receptor ligand complexes in the non-releasable pool. The receptor cycling 
pool is not affected by weak bases (Tietze et al., 1982).  

 

In rat alveolar macrophages, the intracellular MR pool was estimated 

as 4-fold larger than the cell-surface receptor pool (Stahl et al., 

1980). The cell surface pool of active MR was calculated as around 

75000; while the total cell pool could reach 375000. Glycomolecule 

uptake can reach 2x106 molecules/h per cell in these cells. This 

suggests that each receptor, on average, might take 11 minutes for 

each cycle, from cell surface to internalization and back to surface 

again. Acidification may also seem to be necessary for recycling of 

unoccupied receptors. Receptors in acid intracellular compartments 

moved to the surface, whether or not ligands were present. 

Neutralization of the acid compartments lead to trapping of 

receptors inside the cell (Wileman et al., 1984). 
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Receptor-ligand dissociation could occur in the presence of ATP or 

GTP  (Wileman et al., 1985). The dissociation was shown to be 

dependent of acidification, suggesting that an ATP-dependent proton 

pump is responsible for acidification of the endosomes (Wileman et 

al., 1985). Mannose receptor is capable of both mediating 

phagocytosis of mannose-coated particles (Shepherd and Hoidal, 

1990) and mediating pinocytosis of soluble mannosylated 

glycoproteins (Stahl, 1990). A signal for phagocytosis is present 

within the cytoplasmic tail (Ezekowitz et al., 1990). 

MR is considered a marker of immature dendritic cells (DC) and 

participates in the immune response initiation against a wide array 

of microorganisms. DC maturation occurs after cellular activation 

and during migration of DCs to lymph nodes, resulting in down-

regulation of endocytic capacity while the ability to present MHC 

II/peptide complexes to T cells are maximized (Steinman, 1991). 

Maturation can be achieved by bacterial products, such as LPS. In 

APCs MR efficiently transports antigens to intracellular 

compartments for processing and presentation. Mannosylated 

antigens could be internalized in high numbers and in a short period 

of time and resulted in a maximal T cell response activation 

(Engering et al., 1997). Mature dendritic cells present diminished 

capacity for glycosylated antigen presentation (Engering et al., 

1997). Glycosylation has a major impact on the immunogenicity of 

proteins. The α-Gal epitope may cause anaphylactic reactions in 

humans and the nonhuman sialic acid Neu5Gc induces antibody 

responses upon dietary absorption (Lepenies and Seeberger, 2014). 

Glycosylation of the antibody fragment crystallisable domain (Fc 

domain) affects recognition by Fcγ receptors, leading to modulation 

of the immune response (Pincetic et al., 2014). 

Mannosylation of antigens showed to be an effective strategy for 

macrophage and dendritic cells (DCs) targeting. This strategy not 

only promote vaccine-induced immune responses, antitumor 
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responses, but induce tolerance as well (Lepenies et al., 2013). 

Oxidized mannan coupled with the human tumor antigen, MUC1, 

binds to Mannose Receptor leading to efficient internalization and 

cross-presentation therefore mediating a potent antigen-specific 

CD8+ T cell response (Apostolopoulos et al., 2000). The presence of 

aldehydes in the oxidized mannan-MUC1 is responsible for the 

increased presentation by MHC I class molecules. After 

internalization there is a rapid access to the class I pathway via 

endosomes to the ER and the Golgi complexes for co-presentation 

by MHC class I molecules. Presence of mannose on an antigen leads 

to a 100-10000-fold increase in MHC class II presentation to T cells 

(Tan et al., 1997, Engering et al., 1997). In the presence of oxidized 

mannan there is a selective passage to the class I pathway. Early-

stage breast cancer patients in a clinical study part of a tumor 

immunotherapy with oxidized mannan-MUC1 showed that mannan-

MUC1 based vaccines had therapeutic potential (Apostolopoulos et 

al., 2006). Mannan-based protein delivery to APCs has showed 

successful for gene delivery (Tang et al., 2007). 

 

Regulation of MR expression 
 

In 1992, Stahl proposed that MR expression may be an excellent 

marker for macrophage differentiation because expression of the 

receptor was tightly regulated in macrophages. A number of agents 

were shown to increase MR expression, such as 1,25 dihydroxy 

vitamin D3 (Clohisy et al., 1987), prostaglandin E (Schreiber et al., 

1990), dexamethasone  (Shepherd et al., 1985). In contrast, 

interferon-γ (Mokoena and Gordon, 1985) and immune complexes 

(Schreiber et al., 1991), decreased receptor expression.  
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MR contribution to disease pathogenesis 

 

In addition to MR role in pathogen recognition, MR has been 

implicated in the development of kidney crescentic 

glomerulonephritis in mice based on results obtained using a model 

of nephrotoxic nephritis and MR-deficient animals (Chavele et al., 

2010). Crescentic glomerulonephritis is not a specific disease but 

rather is a morphologic expression of severe glomerular injury 

(Couser, 1988). The nephrotoxic nephritis model is dependent on 

the interaction of immunoglobulins (Igs) with activating Fc receptors 

(FcRs) (Kaneko et al., 2006, Tarzi et al., 2003), as well as on 

macrophage- and T cell-mediated effector functions (Duffield et al., 

2005, Kitching et al., 1999). MR deficiency protected mice against 

renal injury in response to nephrotoxic globulin. These animals 

displayed well-preserved renal architecture, normal renal function 

and minimal proteinuria (Chavele et al., 2010). This protection 

occurred despite similar humoral and T immune responses, but was 

associated with diminished macrophage and T cell infiltration. 

Proliferation of resident glomerular cells, e.g. mesangial cells, 

occurred after glomerular injury. MR deficient mesangial cells 

underwent increased apoptosis, whereas Mr-/- macrophages had 

diminished FcR-mediated function; the interaction of the two cell 

types led to a predominantly less-inflammatory macrophage 

phenotype (Chavele et al., 2010). FcR and MR could interact through 

the binding of nephrotoxic globulin, with Mr-/- macrophages and 

mesangial cells presenting impaired Fc-mediated phagocytosis 

compared with Wt controls. MR-/- macrophages also produced less 

TNF-α in response to a range of LPS doses compared with their WT 

counterparts. The results suggest that signalling through MR in 

mesangial cells and macrophages may lead to cell activation and 

promotion of glomerulonephritis. Therefore, it is believed that MR 
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represents a therapeutic target in immune-mediated 

glomerulonephritis (Chavele et al., 2010). 

Imaoka and co-workers showed that MR is overexpressed on 

alveolar macrophages in lungs of patients with severe chronic 

obstructive pulmonary disease and suggested it may be involved in 

the pathogenesis of this condition (Kaku et al., 2014). Recently 

soluble serum MR, generated at least in part by enzymatic shedding 

of MR+ immune cells, has been utilised as a prognostic biomarker in 

patients with multiple myeloma (Andersen et al., 2015), and with 

liver cirrhosis (Grønbæk et al., 2016).  

Targeting of lectin receptors 
 

For glycoproteins to be recognized by lectins, proper folding is 

required to allow its biological activity, therefore, removing N-

glycosylation sites or trying to express glycosylated proteins in 

prokaryotes, which lack functional N-glycosylation machinery, is not 

suitable for the production of therapeutic glycoproteins (Lepenies 

and Seeberger, 2014). Instead, in order to artificially produce 

glycoproteins that are suitable for humans, alternative expression 

systems are required: (i) – a system that includes a functional 

glycosylation apparatus in bacteria, (ii) – protein expression in 

eukaryotic cells (yeasts, insect cells, protozoa, plants, and 

mammalian cells) or (iii) – a cell-free expression system 

(Johannssen and Lepenies, 2017).  

The interaction between carbohydrates and lectins is usually very 

weak and the binding can be enhanced by using multivalent ligands. 

Multiple ligands on the same molecule create a cluster glycosidic 

effect that simply increase the binding constant.  

Several types of synthesized multivalent glycans are known: 

glycoclusters, polymers, model antigens (glycosylated proteins and 

peptides), liposomes, dendrimers and nanoparticles (Johannssen 

and Lepenies, 2017). Parameters such as size, surface charge, 
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ligand density and conjugation methods impact targeting efficacy 

(Lepenies et al., 2013, Joshi et al., 2012). Ideal polymer synthesis 

should have controlled chain length, architecture, monomer 

sequence, chain folding and tertiary structures (Schmidt et al., 

2011, Ouchi et al., 2011). Carbohydrates differ from amino acids 

and nucleotides by their versatility for isomer formation (Becer, 

2012). Oligosaccharides have a high-density coding capacity due to 

their variations in anomeric status, linkage positions, ring size, 

branching, and introduction of site specific substitutions (Becer, 

2012). These characteristics make oligosaccharides highly specific 

for receptor binding. Glycopolymers are an alternative structures to 

oligosaccharides (Bertozzi and Kiessling, 2001). The current 

challenge is to synthesize glycopolymers that are able to mimic 

oligosaccharides in its binding selectivity to lectins (Slavin et al., 

2011). It is possible to control the polymer chain length and 

architecture using controlled/”living” polymerization techniques 

(Becer, 2012).  

The use of glycan-based CLR-targeting possess many advantages: 

lower immunogenicity of carbohydrates and the opportunity to 

target several CLRs simultaneously (Johannssen and Lepenies, 

2017). Glycan-ligand density and the spatial orientation of ligands 

can be manipulated, permitting a more flexible design. Development 

of ligands is cost- and time-consuming, requiring planning, 

investment and testing. Among lectins, MR is an important target 

for glycan-based targeting, whether one has the intention to exploit 

its endocytic features for gene delivery, or to modulate its ability to 

activate T cells.    

 
 

 
 

 



19 

 

1.4. Macrophages in health and disease 

 

As mentioned previously, MR is mainly expressed by macrophages 

and dendritic cells and its expression varies according to the 

activation state of these cells. Macrophages are involved in host 

defence in all animals (Mills and Ley, 2014), participating actively in 

the inflammatory process, including the repair/healing phase  

(Mosser and Edwards, 2008). Macrophages are not only involved in 

immune functions but also have homeostatic roles, such as 

phagocytosis of cells fragments during development, removal of 

cellular debris and clearance of apoptotic cells  (Kono and Rock, 

2008). Phagocytosis of cellular components is able to dramatically 

change cell physiology, expression of surface proteins, and 

cytokines. Alteration in macrophage surface-protein expression in 

response to these stimuli could potentially be used to identify 

biochemical markers that are unique to these altered cells (Mosser 

and Edwards, 2008). Macrophages can detect endogenous danger 

signals that are present in the debris of necrotic cells through Toll-

like receptors (TLRs) (Park et al., 2006). This makes macrophages 

one of the primary sensors of danger in the host.  

Macrophages are known as initial responders in host defence. They 

recognise microbial-associated molecular patterns (MAMPS) and 

DAMPs through PRRs, initiate antimicrobial response, and instruct 

the adaptive immune response (Huen and Cantley, 2015). 

Macrophages can augment, modulate or suppress the local 

inflammatory milieu. In vivo studies of animal models of infectious 

or sterile organ injury suggest that macrophages are initially induced 

to a pro-inflammatory state which promotes removal of infected or 

damaged cells, followed by a wound-healing state. Macrophage 

categories were initially defined by in vitro responses to the 

prototypic T-helper 1 (Th1) cytokine, IFNy (M1), or Th2 cytokines, 

interleukin IL-4 and IL-13 (M2), respectively (Gordon, 2003). This 
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system has expanded along time and now includes a growing set of 

inducers and transcriptional regulators that mediate a wide 

spectrum of activation states (Huen and Cantley, 2015) of which M1 

and M2 are considered representative models of pro-inflammatory 

and wound healing activation states, respectively. An excessive 

response in either direction can lead to a disruption in homeostasis. 

A strong M2/healing response can lead to chronic infections, fibrosis, 

allergy, and immunosuppression in cancer (Mills, 2012). On the 

other side, an excessive inflammatory response plays a major role 

in atherosclerosis, autoimmunity, and other chronic inflammatory 

conditions.  

Mononuclear phagocytes comprise monocytes, macrophages and 

dendritic cells (Geissmann et al., 2010). These cells are especially 

sensitive to Macrophage colony-stimulating factor (M-CSF), also 

known as CSF-1, a pleiotropic macrophage growth factor responsible 

for survival, differentiation and proliferation of monocytes (Stanley 

et al., 1997), in addition to spreading and motility of macrophages 

(Pixley and Stanley, 2004). M-CSF can either be secreted in the 

circulation as a glycoprotein, remain attached to proteoglycans or be 

expressed as a membrane-spanning glycoprotein on the surface of 

M-CSF-producing cells. M-CSF can be produced by vascular 

endothelial cells in response to bacterial endotoxin (Bartocci et al., 

1987). Cytokines and steroid hormones are also known to increase 

production of M-CSF (Stanley, 2000). The tertiary structure of M-

CSF is similar to the structure of granulocyte-macrophage colony-

stimulating factor (GM-CSF), however, they do not share amino acid 

sequence homology (Pandit et al., 1992). Macrophages cultured in 

GM-CSF show a less-polar, less-spread morphology than 

macrophages grown in the presence of M-CSF (Pixley and Stanley, 

2004).  

M-CSF is normally present in tissues and plasma, and has been 

associated with M2-type macrophages. Whilst GM-CSF is only 
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present following injury or during infections, and has been 

associated with M1-type responses.  

Due to the plurality of macrophage phenotypes, here, only the two 

classic macrophage polarization states is discussed - the pro-

inflammatory M1-macrophage and the alternative activated M2-

macrophages.   

Classically activated M1 macrophages 
 

INFγ induces the M1 macrophage phenotype through binding to the 

IFNγ receptor complex (IFNGR) and leads to expression, among 

others, of pro-inflammatory chemokines. These chemokines include 

MCP1 (CCL2) and monokine induced by gamma interferon (MIG, 

CXCL9) that recruit monocytes and T cells, respectively, to sites of 

inflammation (Rauch et al., 2013). INFγ can also induce expression 

of inducible nitric oxide synthase (iNOS) and increase the 

microbicidal activity of macrophages against intracellular pathogens.  

IFNy is produced by cells of the immune system, this include natural 

killer (NK) cells, innate lymphoid cells (ILCs), cells involved in the 

adaptive immune response, such as T helper 1 (TH1) cells and CD8+ 

cytotoxic T lymphocytes (CTLs). As mentioned above IFN-γ signals 

through IFNGR, which is expressed in many cell types. IFNy can be 

induced by cytokines (IL-12 or IL-18) and by activation of PRRs 

(Ivashkiv, 2018).    

Binding of IFNy to its receptor activates the canonical Janus kinase 

(JAK)-signal transducer and activator of transcription (STAT) 

signalling pathway. It starts with the activation of the receptor-

associated JAK1 and JAK2 protein-tyrosine kinases and subsequent 

tyrosine phosphorylation and activation of primarily STAT1, which 

translocates to the nucleus, binding to conserved IFNy activation site 

(GAS) DNA elements and directly activating transcription of 

interferon-stimulated genes (ISGs) (Ivashkiv, 2018). ISGs encode 

products that have direct effector immune functions, such as 
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chemokines, antigen-presenting molecules (MHC), phagocytic 

receptors and various antiviral and antibacterial factors. IFNy 

promotes host defence against intracellular pathogens, modulation 

of immune and inflammatory responses and associated tissue 

damage and tumour immunosurveillance (Ivashkiv, 2018).  

Signalling by the JAK-STAT pathway is transient, with a peak signal 

occurring at 15-60 minutes and returning back to baseline at 2-4 

hours after stimulation (Ivashkiv, 2018). Nevertheless, 

transcriptional responses of many direct STAT1 target genes peak 

several hours after IFNy stimulation. A subset of ISGs shows delayed 

kinetics in a manner dependent on new protein synthesis (implying 

indirect regulation) and a pattern of sustained gene expression that 

persists beyond the duration of JAK-STAT1 signalling (Levy et al., 

1988, Levy et al., 1990). This delayed and sustained kinetics of gene 

induction could be explained in part by a feedforward loop in which 

IFNy induces de novo expression of transcription factors – interferon 

regulatory factors (IRFs) and STATs themselves, which cooperate to 

induce and sustain gene expression (Hu and Ivashkiv, 2009). 

Stimulation of IFNy-induced macrophages by TLR ligands leads to 

super-induction of inflammatory cytokines and canonical nuclear 

factor-kB target genes, event known as priming. IFNy also induces 

gene-specific refractoriness to anti-inflammatory cytokines and IL-4 

and IL-13.  

The activation of transcription factors results in the induction of IL-

1, IL-6, IL-12 and TNFα (Mosser, 2003, Lawrence and Natoli, 2011). 

Although these can cause tissue damage, proinflammatory M1 

monocytes/macrophages can play an important role in clearance of 

apoptotic cells and debris after sterile injury (Arnold et al., 2007), 

where phagocytosis of myogenic precursor cells induce a switch to 

an anti-inflammatory profile.  

IFN-γ induces the expression of the indoleamine 2,3-dioxygenase 

(IDO) gene in human cells. IDO is the main controller enzyme of the 
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Kynurenine pathway (KP), a pathway where the amino acid 

tryptophan is initially converted to N-Formylkynurenine, generating 

many intermediary products and nicotinamide adenine dinucleotide 

(NAD+) as the end product of the pathway. NAD+ is important 

cofactor involved in genome stability, stress tolerance and 

metabolism (Cervenka et al., 2017).  IFN-y inducible expression of 

the IDO gene is dependent of two upstream elements: I - a 14-base 

pair sequence homologous to an interferon-stimulated response 

element (ISRE) sequence found in IFN-α-inducible genes and II – a 

9-base pair palindromic sequence homologous to an interferon-γ 

activated site (GAS) element found in IFN-y-inducible genes (Chon 

et al., 1996). The ISRE homolog sequence and the PE II element 

recognized IFN-y-regulated factors IRF-1 and p91 (STAT1), 

respectively (Chon et al., 1995). It has been established that IFN-y 

induces the level of the IRF-1 factor (Pine et al., 1990), whereas p91 

(STAT1) is activated by tyrosine phosphorylation of pre-existing p91 

protein through the involvement of JAK1 and JAK2 enzymes 

activated by IFN-y (Darnell et al., 1994).  IDO activation is 

dependent on IRF-1 factor (Chon et al., 1995) when stimulated by 

IFN-γ but not by LPS (Fujigaki et al., 2006). The response of IDO 

gene to IFN-y depends on a cooperative role of IFN-Y-responsive 

factors binding to the ISRE and GAS elements. LPS induction of IDO 

is mediated dominantly by an IFN-γ-independent mechanism 

(Fujigaki et al., 2001, Jung et al., 2007).   

IDO activation limits availability of tryptophan. Because tryptophan 

is required for protein synthesis, withdrawal of this essential amino 

acid from the micro-environment arrests biosynthesis and 

subsequent growth of pathogens and proliferating cells 

(Schröcksnadel et al., 2006). Tryptophan deprivation leads to 

decreased mitosis (Hwu et al., 2000, Munn et al., 1999, Munn et al., 

2002) and increased apoptosis in macrophages and dendritic cells 

(Terness et al., 2002, Frumento et al., 2002). Tryptophan depletion 
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works as a defence mechanism induced by IFN-γ in 

immunocompetent cells during immune response. It acts as an 

antimicrobial or antitumoral effector mechanism and limits the 

growth of intracellular pathogens or malignant cells (Pfefferkorn, 

1984, de la Maza and Peterson, 1988, Ozaki et al., 1988).  

A long list of clinical conditions is characterized by tryptophan 

degradation associated with increased immune activation, among 

these are Adult T-cell leukaemia, colon carcinoma, gynaecologic 

cancer and haematological neoplasias (Schröcksnadel et al., 2006). 

Cell malignancy is associated with an increased 

kynurenine/tryptophan ration. 

Alternatively activated M2 macrophages  

 

M2 macrophages have a broad range of functional activities ranging 

from wound healing, fibrosis, insulin sensitivity and 

immunosuppression in vitro. In mice these cells have been further 

subcategorized into M2a, M2b and M2c subtypes although it is 

unclear how this classification translates to the human system. The 

wound healing M2a subtype is characterized by expression of 

arginase-1 (ARG1), mannose receptor (CD206) and insulin-like 

growth factor (IGF1) (Martinez et al., 2009). The M2a phenotype is 

induced by binding of IL-4 and/or IL-13 to the IL-4Rα receptor, and 

by activation of the JAK-STAT6 signalling pathway (Takeda et al., 

1996). M2b macrophages are induced by immunocomplexes in 

combination with IL-1β and LPS and M2c is induced after exposure 

to IL-10, TGF-β or glucocorticoids (Mantovani et al., 2004). 

IL-4 is a cytokine produced by Th2 cells, basophils and mast cells. 

It was initially described as a growth factor for B cells stimulated by 

anti-IgM antibodies (Howard et al., 1982). IL-4 together with IL-13 

drives type 2 immunity characterized by eosinophilia, mast cell 

hyperplasia, IgE secretion, smooth muscle contraction and epithelial 

remodelling (Chomarat and Banchereau, 1998, Nelms et al., 1999, 
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Fallon et al., 2002, McKenzie et al., 1998, McKenzie et al., 1999, 

Kühn et al., 1991). This cytokine signalling is involved in cell growth 

and survival (Chomarat and Banchereau, 1998, Nelms et al., 1999, 

Pernis and Rothman, 2002). This response can be helpful against 

helminth parasites but it is also implicated in allergy and asthma. IL-

4 can stimulate two receptors, type I and type II. IL-4 receptors are 

composed of two transmembrane proteins which undergoes 

dimerization to form a type I or type II after IL-4 binds to IL-4Rα 

chain. Receptor dimerization activates JAKs which starts a 

phosphorylation cascade (Kelly-Welch et al., 2003).  

In vivo macrophages present themselves in a much more complex 

set of phenotypes than those observed in vitro; tissue-specific 

differentiation signals and the microenvironment contain numerous 

activation stimuli that vary not only among disease models but also 

temporally with respect to different stages of injury and repair (Sica 

and Mantovani, 2012). In response to this a model of ‘spectrum of 

macrophage differentiation stages’ has been proposed (Mosser and 

Edwards, 2008). In this model three main macrophage profiles were 

considered: host defence, wound healing and immune regulatory 

macrophages. According to this model populations of macrophages 

can actually present ‘shades’ of more than one of these profiles.  

Macrophage origin can be diverse. Tissue macrophages may come 

from three sources: yolk sac, fetal liver and hematopoietic stem cells 

in the bone marrow. Once precursor cells reach the organs they 

differentiate into resident macrophages, which maintain 

homeostasis through phagocytosis of apoptotic bodies and 

production of growth factors and depending on the tissues, they are 

replenished through replication (microglia) or through monocyte 

recruitment (dermis). During inflammation, tissue resident 

macrophages are activated and there is recruitment of monocytes 

to the affected organ. There these cells become inflammatory 

mononuclear phagocytes. In chronic diseases, there is local 
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proliferation of macrophages. Under inflammatory conditions 

macrophages play roles that range from a pro-inflammatory profile 

with production of pro-inflammatory cytokines to more ‘alternative’ 

roles that contribute to resolution of inflammation and organ repair 

(Lin et al., 2009) (Alikhan et al., 2011).  

Macrophages in disease  
 

Tumour Associated Macrophages (TAMs) are an example of M2 

macrophages that contribute to disease progression. In some 

tumours the percentage of macrophages among leukocytes can 

reach more than 50% (Mills et al., 2015). TAMs actively promote 

tumour growth (Laoui et al., 2014). Modulating macrophage 

polarization by decreasing M2 phenotype and increasing the M1 

phenotype can slow or reverse tumour growth. Treatment of lung 

cancer in mice with clondronate-encapsulated liposome, a 

macrophage-depleting agent, significantly decreased tumour burden 

(Fritz et al., 2014).   

In kidneys some studies demonstrated that systemic depletion of 

monocytes/macrophages, through administration of liposomal 

clodronate before ischemia reperfusion (IR), decreases morphologic 

kidney damage (Jo et al., 2006, Day et al., 2005). Other studies 

raised the possibility that the phenotype of the recruited 

macrophages play an important role in the degree of renal 

parenchymal injury (Wang et al., 2007, Vinuesa et al., 2008). In a 

mouse model of IR injury generated by unilateral renal pedicle 

clamping, macrophages were depleted by liposome clodronate. M2 

macrophages transfer after liposome clodronate injection led to 

almost complete reversion of interstitial fibrosis, while transfer of M1 

macrophages did not affect the degree of fibrosis (Kim et al., 2015). 

This led to the hypothesis that macrophages can be good targets for 

kidney injury therapy development and therapies targeted to a 
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macrophage receptor involved in immune response, homeostasis 

and cell activation would be suitable for this purpose. 

Within this context, macrophage MR may become an important 

biological target in therapies aiming at reprogramming immune 

responses mediated by macrophages and DCs. Therefore the 

identification of selective receptor modulators is the initial step of 

this process (Azad et al., 2014). Although there are numerous 

options for MR ligands, largely based on mannose, there is still a 

lack of MR-blockers for the MR to be exploited as therapeutic agents. 

MR-specific glycopolymers offer a novel approach to harness the 

potential ability of MR to modulate macrophage and dendritic cell 

function.   

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

1.5. Results leading to this project  

 

Synthetic glycopolymers (GPs) are macromolecules featuring 

multiple copies of pendant carbohydrate moieties. GPs are 

multivalent, generally biocompatibile, and have been utilised as 

multivalent ligands to investigate many biological processes, 

including cell-cell adhesion (Oezyuerek et al., 2009, Muthukrishnan 

et al., 2006), development of new tissues, and reduction of 

infectious behaviour of virus and bacteria (Ogata et al., 2009). 

Binding between carbohydrates and lectins is weak but highly 

specific (Ting et al., 2010), with dissociation constants (Kd) in the 

range of 10-3 – 10-6. One way to increase binding affinity is through 

multivalency which can be achieved with an increase in sugar density 

(Spain and Cameron, 2011). Multiple interactions provide extra 

specificity between carbohydrates and their binding proteins and at 

the same time offer extra binding strength (Ambrosi et al., 2005). 

In addition, the binding avidity of carbohydrate-containing polymers 

to lectin receptors often depends on the polymer chain size, which 

affects the ability to directly span over multiple copies of receptors 

across the membrane. Studies indicate that both the density and 

number of sugar binding units in biological multivalent ligands are 

key to determine the affinity of lectins and direct specific biological 

responses (Dam and Brewer, 2010). Sugar-based polymers have 

attracted substantial interest for biomedical applications, including 

gene, protein, drug, and antigen delivery (Zhang et al., 2015). 

Controlled radical polymerisation (CRP) is a family of polymerisation 

reactions which combines the functional group compatibility of 

conventional free radical polymerisation, with the ability to obtain 

polymers with narrow molecular weight dispersity typical of living 

polymerisations, and has been widely utilised to synthesise well-

defined glycopolymers (Yilmaz and Becer, 2014).  Atom-transfer 

radical polymerization (ATRP) is a CRP technique discovered in 1995 
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independently by Sawamoto (Kato et al., 1996) and Matyaszewski 

(Wang, 1995b). The living nature of ATRP allows for sequential 

addition of different monomers even in one-pot reaction to obtain 

block-copolymers of linear, star or comb-like topologies (Zhao, 

2015). The possibility of building libraries of structurally well-defined 

macromolecules has paved the way for a number of investigations 

aimed at understanding the relationship between polymer structure 

and physical properties or function  (Wojciech et al., 2012).  

ATRP employs the reversible transfer of halogen atoms between 

growing chains and a redox active transition metal catalyst (Wang, 

1995a). In ATRP, a transition metal, Mt
m (CuI), abstracts a halogen 

atom X (Br or Cl) from an organic halide, R-X, to form an oxidized 

species, X-Mtm+1, and a carbon-centered radical R•, which will thus 

generate radicals via redox reactions (Figure 5). The transition metal 

exists as a complex X-Mtm+1/Ln with Ln being a ligand. Radicals 

species (R•) in turn react with the monomer of choice, in a 

propagation step which involves the stepwise growth of polymer 

chains. The equilibrium constant for the overall process, Keq (also 

known as KATRP) is determined from the ratio of the activation (kact) 

to deactivation constants (kdeact). Reaction conditions – e.g. choice 

of transition metal, ligand, temperature, concentration of the species 

involved, and nature of ARTP initiator and monomers – must be 

optimised to keep Keq to an appropriate value to meet to contrasting 

needs, that is, to achieve an acceptable reaction rate without 

favouring detrimental irreversible termination reactions. A low 

equilibrium constant will lead to a slow polymerisation process 

whereas high Keq results in high concentration of radical species, 

resulting in fast irreversible termination processes and ultimately 

loss of control over the polymer macromolecular features. The rate 

of polymerisation is much slower than the activation/deactivation 

process and hence the concentration of the active radicals remains 
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low compared to the R-X species (Wang, 1995b, Braunecker and 

Matyjaszewski, 2007).  

 
 

 

Figure 5. The general mechanism of ATRP (Matyjaszewski, 1999).  

 

For this study two families of multivalent glycopolymers for selective 

targeting of the different lectin domains of MR (Figure 6) were 

prepared through a synthetic strategy that includes ATRP. 

Macroligands displaying D-galactopyranose-3-O-sulfate (SO4-3-Gal) 

repeating units were expected to provide selective binding to CR 

domain, whilst glycopolymers containing D-mannopyranose (Man) 

units were designed to recognise the CTLDs. All polymers had a 

mucin-like structure (Godula and Bertozzi, 2012), with the sugar 

binding units grafted to the polymer backbone through a glycoside 

linker, leaving groups at C3 and C4 of the sugar rings, available for 

lectin binding. The avidity of binding of carbohydrate-containing 

polymers to lectin receptors often depends on the polymer chain 

length, which also directly affects the ability of these multivalent 

ligands to span over multiple copies of receptors at cell membranes. 

To isolate the contribution of the nature of the carbohydrate 

repeating units on binding, is therefore critical that all glycopolymers 

investigated possess the same average chain length. This was 

achieved here by first synthesising a ‘master’ polymer precursor 

possessing chemoselective handles that are inert towards the 

polymerization conditions, which was then quantitatively 

functionalised with the required sugar units – D-mannopyranose 
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(Man), D-galactopyranose-3-O-sulfate (SO4-3-Gal), and non-MR 

binding control sugar D-galactopyranose (Gal). More specifically, 

this approach, previously developed by Mantovani and Haddleton 

(Ladmiral et al., 2006) was used, which involved sequential CuI-

catalyzed ATRP, to prepare the required polymer reactive precursor, 

and Cu(I)-catalysed Huisgen cycloaddition (also known as alkyne-

azide cycloaddition, CuAAC), to introduce Man, SO4-3-Gal, and Gal 

carbohydrate binding units, and a fluorescent tag, Oregon Green, to 

facilitate the detection of glycopolymers in subsequent in vitro 

assays. In this library of multivalent ligands three parameters were 

systematically varied, namely i) nature of MR-binding sugar (SO4-3-

Gal vs. Man), ii) density of a MR-binding sugar grafted on each 

polymer chain - 33, 66, and 100% of the polymer repeating units 

functionalised with the required sugar ligand, the remaining being 

occupied by non-MR binding galactose (Gal) molecules, and iii) 

length of glycopolymer chain – 32 or 187 average number of 

polymer repeating units. The latter were chosen to generate 

glycopolymers with average molecular weight Mn of 12-17 and 71-

89 kDa, respectively below and above the 40-60 kDa threshold for 

glomerular kidney filtration which were expected to behave very 

differently in vivo due to their potentially different half-life in 

systemic circulation. Glycopolymers with 100% non-MR binding 

units, (Gal100%)32 and (Gal100%)187 were also prepared and utilised as 

negative controls for subsequent in vitro and in vivo studies.  
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Figure 6. Mannose receptor structure and polymers chemical identity. 
Left. Mouse CR domain: binds to polymers containing SO4-3-Gal-containing 
glycopolymers, and the CTLD domains, which bind to Man sugar moieties,. 
Right: chemical structure of the glycopolymers possessing n = 187, and 
presenting either SO4-3-Gal (S100-DP187), or Man (M100-DP187) repeating 
units. DP is the degree of polymerisation, the average number of repeating 
units in each polymer chain. Glycopolymers were fluorescently labelled with 
2,4,5,7,7’ – pentafluorofluorescein (Oregon Green, λex/em 488/530 
nm)(Magennis et al., 2017).  

 

 

Whilst ideal to generate families of glycopolymers for the initial 

screening of MR-binding glycopolymer ligands, from a synthetic 

standpoint the ATRP - CuAAC approach is relatively cumbersome, 

thus once effective MR ligands were identified, an alternative 

approach for their synthesis which would allow for facile large-scale 

synthesis of these ligands was identified. Accordingly, a simple route 

that involves reversible addition-fragmentation chain transfer 

(RAFT) polymerisation was identified, and utilised to synthesise CR-

binding glycopolymers. RAFT process is a versatile method for 
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conferring living characteristics on radical polymerizations providing 

unprecedented control over molecular weight, molecular weight 

distribution, composition and architecture. It is suitable for most 

monomers polymerizable by radical polymerization and is robust 

under a wide range of reaction conditions (Moad et al., 2008). RAFT 

polymerisation can be seen as a free radical polymerisation reaction, 

where polymers are generated from functional monomers and a 

source or radicals, with the addition of an extra component, called 

chain-transfer agent (CTA, or simply RAFT agent), which allows to 

control both the polymer molecular weight and molecular weight 

distribution. 

More specifically, the overall RAFT process provides insertion of 

monomer units into the C–S bond of the RAFT agent structure (1) 

as shown in (Figure 7). (Moad et al., 2005). 

 

Figure 7. General mechanism of RAFT polymerisation.  

 

 

Accordingly, S100-DP240, containing SO4-3-Gal units, and its 

negative control analogue Gal-containing G100-DP240 were thus 

synthesised by RAFT polymerisation.  

Preliminary studies in our lab, executed by Dr. Mastrotto 

(unpublished data), using CHO cells transfected with MR (MR+-CHO) 

and wild-type murine bone-marrow derived macrophages (BMDM) 

showed efficient polymer uptake by MR+-CHO for both Oregon 

Green-tagged mannosylated and galactose-3-O-sulfated 

glycopolymers (Figure 8a). No cell uptake was detected in MR--CHO, 

or when (Gal100%)32, which is unable to bind MR, was employed, 

confirming that uptake of Man and GPs was indeed mediated by MR. 
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Confocal microscopy analysis confirmed that the observed increase 

in fluorescence of MR+-CHO was due to cell internalization, rather 

than simple adhesion of GPs to MR+ at the cell membrane (Figure 

8b).
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Figure 8. Internalisation of 
glycopolymers by CD206-
presenting cells:  a. Flow 
cytometry analysis of the uptake 
of mannosylated and 3-O-sulfo-
galactosylated glycopolymers 
(GPs) with different sugars 
epitope densities. MR+-CHO 
and MR--CHO cells were 

incubated with GPs (1.0 g mL-

1) for 30 minutes at 37°C. After 
washing, cells were collected 
and analyzed by FACS. b. 
Confocal microscopy analysis of 
MR+-CHO following incubation 
with Oregon Green (OG) tagged 

GPs (100 g mL-1) for 1 h at 
37°C. Cells were stained with 
HOECHST (H) for nuclei and 
imaged under bright field (BF) 
and fluorescence (FL) mode. c. 
Uptake of GPs by WT and MR-

KO macrophages quantified by FACS after incubation with 1.0 g mL-1 GPs solutions for 30 minutes at 37°C. d. Time-dependent 

uptake of GPs (1.0 g mL-1) by MR+-CHO cells. After treatment at various incubation times, cells were washed and uptake of Oregon 
Green-tagged GPs was quantified by FACS (credits Dr. Mastrotto). 
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MR+-CHO internalisation of Man GPs was found to be time-

dependent, and increased when cell exposure was prolonged from 

30 to 60 minutes. In contrast, total uptake of SO4-3-Gal GPs 

remained virtually unchanged from 30 to 60 min, indicating that 

after the 30 min time point SO4-3-Gal GPs could no longer be 

internalised (Figure 8d). Importantly, at the range of concentrations 

employed in this study all GPs were found to be virtually non-toxic 

upon incubation of at least 24 h, as assessed by LDH assay. 

Having already established the influence of density of sugar binding 

units on cell uptake, starting from these experiments only 100%-

Gal, Man, and SO4-3-Gal with low (DP 32) and high (DP 187) 

molecular weight were employed. SO4-3-Gal GPs reduced surface 

MR expression (Figure 9a) without affecting total MR (Figure 9b) and 

these findings correlated with the fact that binding of SO4-3-Gal-GP, 

unlike Mann GP is pH-independent (Figure 9c) indicating that SO4-

3-Gal GP have the potential to retain MR within the endosomal 

compartment.  



37 

 

Figure 9. Mechanism of modulation of 
MR endocytic activity in vitro, and MR 
activity inhibition in vivo. To elucidate 
whether the inhibition occurs by an 
intracellular pathway leading to MR 
degradation, or by forming stable GP-MR 
complexes which prevent recycling of 
receptor back to the cell surface, following 
incubation with sulfated GPs, MR at the cell 
surface and total cell MR were quantified. 
a. Quantification of MR at the cell surface. 
Cells were incubated for 120 min with 15 

M (Man100%)32 or (SO4-3-Gal100%)32 
glycopolymers (concentration refers to 
individual sugar repeating units), or cell 
medium only (positive control cells), then 
MR was immunostained and membrane-
bound MR quantified by FACS. Data are 
the means ± SD of duplicates of two 
independent experiments. b. Quantification 
of total cell MR. Blot analysis of cell lysates 

from MR+-CHO cells treated with (Man100%)32 or (SO4-3-Gal100%)32 solutions (A) 0.64 or (B) 15 mM in sugar repeating units) for 30 or 
120 minutes. Untreated MR+-CHO cells were used as controls. MR expression was estimated by optical densitometry of western 
blots gels. Data are representative of two independent experiments performed in duplicate or triplicate. c. pH strongly affects binding 
of mannosylated GPs to the CLTD region of MR, but not binding of sulfated GPs to CR domain. The 7.4-6.0 pH range was chosen 
to simulate the conditions which GP-MR complexes encounter by going from cell membrane to endosomes. Dissociation constant 
KD values were estimated by surface plasmon resonance (SPR) analysis, using immobilized MR, in 10 mM HEPES, 5 mM CaCl2, 
0.005% tween-20, 150 mM NaCI, pH 7.4, 6.5, 6. Higher values indicate more favorable dissociation of GP-MR complexes, which 
would facilitate the recycling of MR receptor to the cell membrane (credits Dr. Mastrotto). 
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These results indicated that with appropriate choice of polymer 

carbohydrate binding units one can switch from continuous delivery 

to MR -presenting cells, to inhibition of MR -mediated endocytosis. 

The latter aspect is of particular interest as it would open the way 

for the development of MR inhibitors, with potential important 

clinical implications in diseases or conditions where MR + DCs and/or 

macrophages play a major role. 

To explore this hypothesis experimentally, it was then tested the 

ability of sulfated GPs to inhibit uptake of other MR ligands. Collagen 

was chosen as its carbohydrate-independent binding to the FNII 

domain of MR and subsequent cell uptake have been characterised, 

by us (Martinez-Pomares et al., 2006b) and Dickamer’s group 

(Napper et al., 2006b). In this work denatured collagen (gelatin) 

was fluorescently tagged with Texas Red (TR, λex/em 596/615 nm) to 

facilitate the quantification its MR -mediated cell uptake. MR +-CHO 

cells were chosen for this part of our study as they are more robust 

than WT macrophages, which allowed to carry out prolonged time-

course experiments. 

Initially, MR +-CHO were pre-treated with either (SO4-3-Gal100%)32 or 

(SO4-3-Gal100%)187 (15 M in sugar binding units) for 30 or 120 min, 

then Gelatin-TR was added to a final concentration of 10 µg/ml. After 

2 hours of co-incubation, cell uptake was quantified by FACS. Data 

clearly showed that internalisation of Gelatin-TR was significantly 

reduced compared with untreated cells incubated with Gelatin-TR for 

2 h (positive control). MR +-CHO pre-incubated with analogous Man- 

and non-binding Gal-GPs showed similar Gelatin-TR uptake to that 

observed in untreated cells (Figure 10a). These uptake patterns did 

not significantly change by increasing the duration of polymer pre-

incubation from 30 to 120 min. Remarkably, similar trends were also 

observed when after the initial pre-incubation GPs were removed 

from the culture media, and cells were treated with Gelatin-TR in the 

absence of glycopolymers, strongly suggesting that after initial 
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polymer pre-incubation, sustained inhibition of MR-mediated 

endocytosis could be attained even in the absence of sulfated GPs in 

the media.  

To investigate the duration of this inhibition of MR endocytic activity, 

time course inhibition experiments were carried out. Accordingly, 

cells were initially incubated with either (SO4-3-Gal100%)32 or (SO4-

3-Gal100%)187 for 2 h, then GPs were removed from the culture 

medium. Gelatin-TR was then added and uptake over time was 

monitored (Figure 10b). For both sulfated GPs full recovery of 

endocytic MR was observed after 48 hours. (SO4-3-Gal100%)32 gave 

the best inhibition profile, with Gelatin-TR uptake only re-starting to 

increase after 24-30 hours. From a therapeutic viewpoint it is 

important that not only the inhibitory effect is sustained, so as to 

reduce the frequency of the required drug intake, but also that this 

phenomenon is fully reversible, ensuring that MR activity is fully 

restored at the end of the treatment.  
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Figure 10.  GPs inhibit CD206 (MR) 
endocytic activity in vitro. a. GPs can 
direct cell uptake of gelatin mediated by 
MR in MR+-CHO through its FN II domain. 
Cells were pretreated for (A) 30 minutes 
or (B) 2 hours with a range of GPs with 
different sugar epitopes and molecular 

weight (15 M in sugar binding units). 
Control cells were incubated over the 
same period with cell medium. Cells were 
then incubated for further 2 hours with 
fluorescently-tagged gelatin (texas red 
gelatin, 10 µg mL-1) in the presence (co-
incubation) or in the absence of 
glycopolymers. Data is expressed as a 
percentage of gelatin uptake of untreated 
MR+-CHO control cells (right column of 
each panel, TR-Gelatin), as quantified by 
flow cytometry. b. Inhibition of CD206 
endocytic activity elicited by a single initial 
treatment with sulfated GPs was 
monitored over time. MR+-CHO cells were 
incubated for 2 hours with (A) (SO4-3-
Gal100%)32 or (B) (SO4-3-Gal100%)187 

(15 M in sugar binding units). Control 
cells were incubated over the same period with cell medium. Cells were then washed and incubated with cell medium.  At scheduled 
time the medium was replaced with an 80-µg mL-1 of TR-Gelatin solution and incubated for 1 hour. Data is expressed as a percentage 
of gelatin uptake of untreated MR +-CHO control cells (right column of each panel, TR-Gelatin), as quantified by flow cytometry. Data 
were analyzed by two-way ANOVA with Bonferroni post-tests, *p<0.05, **p<0.01. (credits Dr. Mastrotto).
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In addition to MR, a range of other lectins are known to recognise 

mannose-rich molecular patterns in vivo – e.g. Dendritic Cell-

Specific Intercellular adhesion molecule-3-Grabbing Non-integrin 

(DC-SIGN, CD209) (van Kooyk and Geijtenbeek, 2003) and 

Mannose-Binding Lectin (MBL), which can activate the lectin 

pathway of the complement system (Eddie Ip et al., 2009). Selective 

targeting of MR in vivo using mannosylated ligands appears to be 

challenging unless disease-specific delivery strategies, e.g. local 

administration, are utilised. Conversely, lectins able to selectively 

recognise SO4-3-Gal motifs with sufficient avidity are less common. 

Using libraries of sulfated Gal polymers, Kiessling and coworkers 

showed that for relatively strong binging of P-selectin an additional 

sulfate group at C6 of the Gal units was required (Manning et al., 

1997). Targeting the CR domain appeared therefore a suitable 

potent route for selective binding of MR.  

This work shows that under the conditions investigated 

mannosylated multivalent ligands targeting CTLD domain are 

internalised by MR+-CHO cells and BMD murine macrophages in a 

continuous manner. In contrast, glycopolymers displaying galactose 

3-O-sulfate units, designed to bind the CR domain acted as efficient 

MR blockers. 
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1.6 Hypothesis and aims 

 

The hypothesis of this project is that MR-binding polymers that 

interact with the CR domain of mouse MR will be recognised by 

human MR and modulate MR-function in human myeloid cells.  

The main aims of this project are: 

1) Investigate the recognition of polymers S100-DP187, M100-

DP187 and G100-DP187 (Table 2) by the CR domain of human MR 

and human myeloid cells; 

2) Investigate the effect of glycopolymers on MR function in human 

myeloid cells; 

3) Investigate the effect of glycopolymers on MR distribution within 

human myeloid cells. 

Table 2. List of polymers used in this present work. 

 

 
 

 
 

 

 

 

 

Code Targeted 
domain 

Molecular 
weight 

(kDa) 

Number of polymer 
repeating units 

S100-DP187  CR 89.2 187 
M100-DP187 CTLD 70.7 187 

G100-DP187 No binding- 
Control 

70.7 187 

    
S100-DP240 CR 81.2 214 

G100-DP240 No binding- 

Control 

60 216 
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Chapter 2 - Materials and Methods 

 

2.1. Analysis of polymer binding to human CR 

domain  

 

2.1.1. Materials 

 

96-well MAXISORP Nunc-Immuno plate (#439454, Thermo 

Scientific), glycopolymers S100-DP187, M100-DP187 and G100-

DP187 (developed by Dr. Mastrotto), Dulbecco’s Phosphate Buffered 

Saline (#D8537, Sigma-Aldrich), human CR domain-mouse IgG2b 

Fc region chimera (huCR-Fc) (Martinez-Pomares et al., 2005), 

mouse CTLD4-7 domain-human IgG1 Fc region chimera (muCTLD4-

7-Fc) (Zamze et al., 2002), anti-mouse IgG Fc-specific antibody 

alkaline phosphatase conjugate (#715-055-151, Jackson Immuno 

Research), anti-human IgG Fc-specific antibody alkaline 

phosphatase conjugate (#A9544, Sigma-Aldrich), SIGMAFAST p-

nitrophenyl phosphate tablets (#N2770-5SET, Sigma-Aldrich), Tris-

buffered saline (TBS) buffer [10 mM Tris-HCl, pH 7.5, 10 mM Ca2+, 

154 mM NaCl, 0.05% (v/v)Tween 20 (P1379, Sigma-Aldrich)], 

Alkaline Phosphatase (AP) buffer (100mM Tris-HCl, 100 mM NaCl, 

1mM MgCl2, pH 9.5).  

2.1.2. Methodology 

 

MAXISORP 96-well plates were coated with 5 µg/ml of 

glycopolymers in 50 µl PBS and incubated overnight at 4 ºC. Wells 

were washed three times with 200 μl of TBS buffer. Different 

concentrations (0.2, 1, 5, 10 µg/ml in TBS) of huCR-Fc (Martinez-

Pomares et al., 2005) and muCTLD4-7-F (Linehan et al., 2001) 

chimeric proteins were added to respective wells (each 

concentration in duplicate) and incubated for 2 hours. The huCR-Fc 

chimera consists of the human MR CR domain fused with the Fc 
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portion of a mouse IgG2b, whilst the muCTLD4-7-Fc chimera 

consists of the mouse MR CTLD 4 to 7 domains fused to the Fc 

portion of human IgG1. Washing step was executed 3x with 200 μl 

of TBS buffer per well to remove unbound protein. To detect binding 

of huCR-Fc or moCTLD4-7-Fc protein chimera to the glycopolymers, 

an anti-mouse IgG Fc-specific antibody or anti-human IgG Fc-

specific antibody (both alkaline phosphatases conjugated and diluted 

1:1000 in TBS) was added and incubated for 1 hour. Wells were 

washed again 3x with 200 μl of TBS buffer and 2x with 200 μl of AP 

buffer. Alkaline phosphatase activity was detected by adding 200 μl 

of SIGMAFAST p-nitrophenyl phosphate diluted in AP buffer to each 

well (Figure X). OD405 was quantified in a Multiskan FC (Thermo 

Scientific). Data was processed in Excel and Graphpad Prism 6.  

 

Figure 11. Summary of polymer binding assay. After coating 
wells of a MAXISORP 96-well plate with glycopolymers overnight,  

the plate was incubated with chimera proteins (huCR-Fc and 
muCTLD4-7-Fc) for two hours followed by incubation with anti-Fc 

alkaline phosphatase conjugated secondary antibody for one hour. 
Alkaline phosphatase activity was quantified after addition of 

substrate and measurement of OD at 405 nm.  
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2.2. Isolation and preparation of human monocytes  

 

2.2.1. Materials 

 

 

Buffy coat (Sheffield Blood Bank, UK), T75ml flask (#156502, 

Thermo Scientific), Dulbecco’s Phosphate Buffered Saline (DPBS) 

(#D8537, Sigma-Aldrich), Histopaque-1077 (#10771, Sigma-

Aldrich), 50 ml Falcon tubes  (#227270, Greiner bio-one), 15 ml 

falcon tubes (#10384601, Greiner bio-one), MACs buffer (0.5% FBS, 

2mM EDTA, PBS), Fetal Bovine Serum (#F7524, Sigma-Aldrich), 

EDTA (#E7889, Sigma-Aldrich), Quadro MACS separation unit  

(#130-090-976, Miltenyl Biotec), Pre-separation filters 30 µm 

(#130-041-407, Miltenyl Biotec), MACS Separation Columns – LS 

Columns (#130-042-401, Miltenyl Biotec), Trypan Blue (#T8154, 

Sigma), RPMI-1640 media  (#R0883, Sigma-Aldrich), RPMI-1640 

media without phenol red (#R7509, Sigma-Aldrich), Human AB 

Serum (#H4522, Sigma-Aldrich),  1M HEPES (#H0887, Sigma-

Aldrich), Glutamax 100x (#35050-038, Gibco), L-glutamine 

(#56859, Sigma-Aldrich), 24-well low attachment plates (#cc228, 

Corning), hrM-CSF (#216-MCC, R&D Systems), hrGM-CSF (#130-

093-864, Miltenyl Biotec), Human IL-4 (#130-093-920, Miltenyi 

Biotec).  

2.2.2. Methodology  

 

Blood monocytes were isolated from buffy coats as follows. Buffy 

coat blood (~70 ml) was diluted in DPBS to a total volume of 140 ml 

in a T75 flask and distributed among four 50 ml Falcon tubes 

containing 15 ml Histopaque-1077 each.  The tubes were centrifuged 

at 800 x g for 30 minutes at a low acceleration/deceleration setting. 

The white buffy coat layer was collected with Pasteur pipettes and 

transferred to two clean 50 ml Falcon tubes. The tubes were filled to 

50 ml with DPBS and then centrifuged at 350 x g for 10 minutes. 
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The supernatant was discarded, the remaining cell pellet was 

washed with 50 ml DPBS and centrifuged for 10 min at 250 x g. A 

third wash was done as in the last condition. The cell pellets were 

then placed together in the same tube and the tube was filled with 

50 ml DPBS. A small amount of cells was diluted 1:10 in PBS (10 µl 

+ 90 µl), then 1:2 in Trypan blue (10 µl + 10 µl) and counted, the 

remaining cells were centrifuged at 350 x g for 5 minutes 

resuspended in MACs buffer (80 µl per 107 cells) and incubated with 

CD14 magnetic microbeads (10 µl per 107 cells) on ice, in the dark 

for 15 min (Singh, 2012). Cells were washed with 20 ml MACS buffer 

and centrifuged at 350 xg for 5 min. The supernatant was discarded 

and the pellet was resuspended in 3 ml cold MACS buffer and applied 

through a LS MACS magnetic column as recommended by 

manufacturer. The column was washed with 3 ml MACS buffer twice 

before being removed from the magnet, a volume of 5 ml of MACS 

buffer was added to the column and cells were flushed out in a 15 

ml falcon tube. A small number of cells were diluted 1:5 (10 µl + 40 

µl), then 1:2 in Trypan blue (10 µl + 10 µl) and counted. The 15 ml 

tube containing the CD14+ cells was filled with media to the top and 

centrifuged at 350 x g for 5 minutes in order to remove any excess 

unbound CD14 beads and also to dilute the MACS buffer. 

Supernantant was discarded and the pellet was finally resuspended 

in RPMI-1640 medium containing 15% AB serum (Sigma-Aldrich, 

UK), 2mM L-glutamine or glutamax 1X and 10 mM HEPES. The final 

concentration was adjusted to 2 x 106 cells/ml. A initial volume of 

500 µl was added per well to 24-well low attachment plates (CC228, 

Corning) (Singh, 2012). The cells were incubated in the presence of 

M-CSF (50 ng/ml) or GM-CSF (50 ng/ml) at 37 °C for 7 days. In 

some conditions IL-4 (25 ng/ml) was added to the media. Fresh 

media (500 µl) with supplements and cytokines was added per well 

at day 3 (Figure 12).  
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Figure 12. Summary of isolation and preparation of human monocytes.  

 

 

2.3. Analysis of polymer binding and uptake by 

human macrophages 

 

2.3.1. Material 

 

X-Vivo 15 (#BE02-061Q, Lonza), Dulbecco’s Phosphate Buffered 

Saline (#D8537, Sigma-Aldrich), glycopolymers S100-DP187, 

M100-DP187 and G100-DP187 (developed by Dr. Mastrotto), 

gelatin (#04055, Fluka) labelled with Texas Red, X-Vivo 15 

(#BE02-061Q, Lonza), Formaldehyde (#15710-S, EMS), FACS 

tubes (#115101, Greiner bio-one).  

2.3.2. Methodology 

 

Macrophages grown on low adherence 24-well plate for 7 days as 

described on section 2.2.2 were placed on ice for 20 minutes to allow 

cells to detach. Macrophages were harvested by gently pipetting and 

collected into 15 ml Falcon tubes and centrifuged at 350 x g, 4 ºC 

for 5 minutes. The cell pellet was washed with 10 ml X-Vivo 15 



48 

 

centrifuged at 350 x g, 4 ºC for 5 minutes. Cells were resuspended 

in 1 ml X-Vivo 15 and counted. The number of cells was adjusted to 

100.000 per 200 µl in X-Vivo 15. Cells were transferred to 1.5 ml 

Eppendorf tubes (200 µl/tube) and 200 µl of 2x polymer 

concentration in X-Vivo 15 were added to each tube. For the dose 

effect assay the concentrations ranged as below (Table 3). The tubes 

were sealed with foil then placed in the 37 °C incubator for one hour 

or on ice for one hour.  

 

 

Polymer Sugar units (molecular 

weight) 

Concentrations used 

(µM -sugar units) 

 
Mannose 

(373 

Da) 

3-SO4-

Gal 

(475 Da) 

Galactose 

(373 Da) 

Polymer 

uptake 

Gelatin 

assay 

Dose 

effect 

S100-

DP187 

/ 100% / 4.2  40, 

160, 

640  

0.5, 2.5, 

12.5, 

67.5  

M100-

DP187 

100% / / 5.3  40, 

160, 

640  

0.5, 2.5, 

12.5, 

67.5  

G100-

DP187 

/ / 100% 5.3  40, 

160, 

640  

0.5, 2.5, 

12.5, 

67.5  

Table 3. Polymer type, molecular weight and polymer concentration used 
in different assays. Table 

 

 After incubation, cells were washed with 400 µl of X-Vivo 15 and 

centrifuged at 1000 rpm (in a benchtop centrifuge, model Prism R), 

4 ºC, for 5 minutes. Supernatant was aspirated with a micropipette 

and pellet was washed in 400 µl of ice-cold PBS and centrifuged at 

1000 rpm, at 4 ºC for 5 minutes. Supernatant was aspirated and a 

volume of 200 µl of PBS was added to each tube and the content 

was transferred to FACS tubes containing 200 µl of 1% 

formaldehyde in PBS. Fluorescence quantification was done in a flow 

cytometer (FC 500, Beckman Coulter) and analysed using Kaluza 

software.  
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2.4. Analysis of cell surface markers  

2.4.1. Materials 

 

X-Vivo 15 (#BE02-061Q, Lonza), Dulbecco’s Phosphate Buffered 

Saline (#D8537, Sigma-Aldrich), Bovine Serum Albumin Fraction V 

[BSA] (#K41-001, PAA Laboratories), CD14 ECD antibody 

(#IM2707, IOTest Beckman Coulter), IgG2a Mouse ECD Isotype 

(#A09144, IOTest Beckman Coulter), CD16 PE antibody (#A07766, 

IOTest Beckman Coulter), IgG1 Mouse PE Isotype (#IM2707, IOTest 

Beckman Coulter), CD206 PE antibody (#IM2741, IOTest Beckman 

Coulter), CD11b FITC antibody (#IM0530, IOTest Beckman Coulter), 

IgG1 Mouse FITC Isotype (#A07795, IOTest Beckman Coulter), HLA-

DR PerCP/Cy5.5 antibody (#307629, Biolegend), IgG2a 

PerCP/Cy5.5 Isotype (#400257, Biolegend), Mouse Serum 

(#M5905, Sigma-Aldrich), Formaldehyde (#15710-S, EMS).  

2.4.2. Methodology for cell surface markers quantification (no polymer) 

 

Cells grown on low adherence 24-well plate for 7 days as described 

on section 2.2.2 were placed on ice for 20 minutes to allow cells to 

detach. Macrophages were harvested by gently pipetting the media 

in the well, collected into 15 ml Falcon tubes and centrifuged at 350 

x g, 4 ºC for 5 minutes. Cells were washed with 10 ml X-Vivo 15 at 

350 x g, 4 ºC for 5 minutes. Pellet was resuspended in 1.5 ml of PBA 

(0.5% BSA in PBS) containing 5% mouse serum at 4 °C for 1 hour 

to block Fc receptors. Cells were centrifuged at 350 xg, 4 ºC for 5 

minutes and cell number adjusted to 50.000 in 45 µl of PBA. Cells 

were transferred to 1.5 ml Eppendorf tubes (45 µl/tube) and 5 µl of 

antibody marker or isotype control were added to each tube, 

according to Table 4 below, followed by incubation in the dark for 

one hour at 4 °C. 
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Antibody Fluorophore Catalog # Label specificity concentra

tion 

CD14 ECD IM2707 IOTest human 5 μl/ 106 

cells 

CD16 PE A07766 IOTest human || 

CD206 PE IM2741 IOTest human || 

CD11b FITC IM0530 IOTest human || 

IgG2a ECD A09144 IOTest  || 

IgG1 FITC A07795 IOTest  || 

IgG1 PE A07796 IOTest  || 

HLA-DR PerCP/Cy5.5 307629 Biolegend human || 

IgG2a, k PerCP/Cy5.5 400257 Biolegend  || 

Table 4. List of antibodies used for macrophage profile analysis by flow 
cytometry (no polymer).  

 

After three washes with 200 µl of PBA at 350 x g, 4 ºC for 5 minutes, 

cells were resuspended in 200 µl of PBA. The final content was 

transferred to respective FACS tubes containing 200 µl 1% 

formaldehyde in PBA. Fluorescence was quantified on FC500 or on 

Astrios (Beckman Coulter) flow cytometer and analysed using Kaluza 

software.  

2.4.2. Methodology for cell surface markers quantification after polymer 

treatment 

 

CD-14+ monocytes were incubated for 6 days at 37 °C in a low-

attachment plate in the presence of M-CSF (50 ng/ml). On day 6, a 

volume of 100 µl of glycopolymers (to achieve a final concentration 

of 48 μM) plus cytokines IFN-γ (to achieve a final concentration of 

20 ng/ml per well) and M-CSF (50 ng/ml) in media was added to 

each well. The plate was then incubated for 24h at 37 °C. On day 7 

the plate was placed on ice for 20 min and cells were harvested and 
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collected into 15 ml tubes. The volume of 10 ml of ice-cold X-Vivo 

15 was added to each tube and centrifuged at 350 x g, 4 °C for 5 

min. Supernatant was discarded, the pellet was resuspended in 200 

µl PBA containing 5% mouse serum and incubated at 4 ºC for 45 

minutes. The suspension was centrifuged at 350 x g, 4 °C for 5 min. 

Supernatant was discarded and the pellet was resuspended in 1 ml 

PBA, cells were counted and then diluted to 50.000 cells to 45 µl 

PBA. A volume of 45 µl of cell suspension was added to each 

Eppendorf and 5 µl of respective antibody or isotype control (Table 

5) was added to each tube.  

 

Antibody Fluorophore Catalog # Label specificity concentra

tion 

CD206 Alexa-Fluor 

647 

321116 Biolegend human 5 μl/ 106 

cells 

Mouse 

IgG1 

Alexa-Fluor 

647 

400130 Biolegend  || 

CD11b PerCP/Cy5.5 301327 Biolegend human || 

Mouse 

IgG1 

PerCP/Cy5.5 400149 Biolegend  || 

HLA-DR PerCP/Cy5.5 307629 Biolegend human || 

IgG2a, k PerCP/Cy5.5 400257 Biolegend  || 

Table 5. List of antibodies used for macrophage cell surface marker 
quantification after polymer treatment. 

 

Cells were incubated in the dark, at 4 ºC for 1 hour. A volume of 200 

µl of PBA was added to each tube then centrifuged at 350 x g, 4 °C 

for 5 min, supernatant was discarded. Each tube was washed again 

two times under same conditions and the final pellet was 

resuspended in 200 µl of PBA. A volume of 200 µl of 1% 

formaldehyde in PBS was added to each FACS tube and the sample 

preparation was transferred to these tubes. FACS tubes were kept 
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in the cold room, overnight in the dark (wrapped in foil). Samples 

were quantified on the following day on Astrios flow cytometer 

(Beckman Coulter).  

 

2.5. Inhibition of gelatin uptake by human 

macrophages 

 

2.5.1. Material 

 

X-Vivo 15 (#BE02-061Q, Lonza), Dulbecco’s Phosphate Buffered 

Saline (#D8537, Sigma-Aldrich), glycopolymers S100-DP187, 

M100-DP187 and G100-DP187 (developed by Dr. Mastrotto), Gelatin 

- porcine skin (#04055, Fluka) labelled with Texas-red (provided by 

Dr Mastrotto), Formaldehyde (#15710-S, EMS).  

2.5.2. Methodology 

 

Monocyte-derived macrophages grown on 24-well plate for 7 days 

were placed on ice for 20 minutes to allow cells to detach. 

Macrophages were harvested by gently pipetting, collected into 15 

ml Falcon tubes and centrifuged at 350 x g at 4 ºC for 5 minutes. 

The number of cells was adjusted to 200.000 per 100 µl in X-Vivo 

15. Cells were transferred to 1.5 ml Eppendorf tubes (100 µl/tube) 

and 100 µl of polymers diluted in X-Vivo 15 were added to each tube. 

The tubes were incubated at 37 ºC for one hour or six hours. A 

volume of 50 µl of Texas red-labelled gelatin 5x concentrated was 

added to the cells to achieve a final concentration of 10 μg/ml and 

cells were incubated for an additional hour at 37 ºC. Cells were 

washed with 300 µl of X-Vivo 15 and centrifuged at 1000 rpm 

(benchtop centrifuge, model Prism R), 4 ºC, for 5 minutes. Another 

wash was done with 300 µl PBS and cells were resuspended in 200 

µl of PBS and transferred to FACS tubes containing 200 µl of 1% 

formaldehyde in PBS. Fluorescence quantification was done in 
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Astrios (Beckman Coulter) and analysed using Kaluza software. 

Oregon Green channel (GPs): Laser 488nm, emission spectrum 500-

526nm. Texas Red channel (Gelatin): Laser 561nm, emission 

spectrum 604-624nm. 

2.6. Macrophage preparation for protein extraction  

2.6.1. Materials 

 

RPMI-1640 media (#R0883, Sigma-Aldrich), Human AB Serum 

(#H4522, Sigma-Aldrich), 1M HEPES (#H0887, Sigma-Aldrich), 

Glutamax 100x (#35050-038, Gibco), 24-well low attachment plates 

(#cc228, Corning), hrM-CSF (#216-MCC, R&D Systems), Human IL-

4 (#130-093-920, Miltenyi Biotec), recombinant human IFN-γ 

(#285-IF-100, R&D Systems).  

2.6.2. Methodology  

 

Below are two types of macrophage preparation: 

1- On day 6, M-CSF and M-CSF + IL-4 treated macrophages cultured 

on 24-well low attachment plates were incubated with cytokines and 

polymers. Culture media (RPMI-1640 medium containing 15% AB 

serum, 1x glutamax and 10 mM HEPES) containing 25 ng/ml of IL-

4, 50 ng/ml of M-CSF and 40 μM of polymer S100-DP187 or G100-

DP187 were prepared and 100 μl of this mix was added per well and 

6 wells were allocated per condition. Plates were further incubated 

at 37 °C for 24 hours. On the following day, plates were placed on 

ice for 20 minutes and harvested into a 15 ml falcon tube and 

centrifuged at 350 x g for 5 minutes. Protein extraction from this 

pellet is described in 2.8.2.1 - 

2- The second macrophage preparation had no addition of 

glycopolymers. Day five M-CSF treated macrophages in low-

attachment plates were incubated at 4 °C for 45 minutes. Cells were 

harvested and transferred (1x106 cells per 2 ml per well) to a 6-well 
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plate and incubated for 24 hours at 37 °C in the presence of 

cytokines M-CSF (50 ng/ml), IL-4 (25 ng/ml), IFN-γ (20 ng/ml), LPS 

(20 ng/ml) in culture media (RPMI-1640 medium containing 15% AB 

serum, 1x glutamax and 10 mM HEPES). On day 7 the protein lysate 

preparation was done according to 2.8.2.2.  

  

2.7. Culture of MRC5 cells 

2.7.1. Materials 

 

DMEM (D6046, Sigma-Aldrich, UK), AB serum (H4522, Sigma-

Aldrich, UK), Glutamax (35050-038, Gibco), HEPES (H0887, 

Sigma-Aldrich), T75 flask (430641 U, Corning). Frozen MRC5 cells 

(provided by Dr. Sally Wheatley, University of Nottingham).   

2.7.2. Methodology 

 

MRC5 cells were immediately thawed under warm water. The tube 

was centrifuged at 1,500 rpm for 5 min in a benchtop centrifuge, the 

supernatant was discarded and the pellet was resuspended in 10 ml 

of media (DMEM, 15% AB serum, 1x glutamax and 10 mM HEPES) 

and transferred to a T75 flask and incubated at 37 °C, 5% CO2. On 

day 2 the media was replaced and the cells were incubated for 6 

more days.    

 

2.8. Cell lysate preparation 

 

2.8.1. Materials 

 

Dulbecco’s Phosphate Buffered Saline (#D8537, Sigma-Aldrich), 24-

well polystyrene tissue culture plate (#3524, Costar), 6-well plate 

(#EP0030720130, Eppendorf), Lysis buffer (10mM Tris-HCl – pH 8, 

2% Triton X-100, 150 mM NaCl, 10mM EDTA), Tris-HCl pH 8 

(#T3038, Sigma), Triton X-100 (#T8787, Sigma-Aldrich), NaCl, 
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EDTA (#E7889, Sigma-Aldrich), Protease inhibitors 

(#11836170001, Roche). 

2.8.2. Methodology 

 

1- Lysis of macrophage cultured in low attachment plates: Seven 

days monocyte-derived macrophages were placed on ice for 

20 minutes and cells were harvested from wells and placed 

into 15 ml tubes. Cells were centrifuged at 350 x g, 4 °C for 5 

minutes. The pellet was washed twice with 1 ml cold PBS and 

PBS was discarded after wash. Lysis buffer with protease 

inhibitors was added at 400 µl per 2 x 106 cells and incubated 

at 4 °C for 45 minutes.  

2- Lysis of macrophages cultured in tissue culture plates. Ice cold 

lysis buffer with protease inhibitors was added to the well 

incubated at 4 °C for 45 minutes. In general, 100 or 400 µl 

lysis buffer was used per 106 cells.  

Lysis of MRC5 cells. Media was removed and flask was washed twice 

with PBS. Lysis buffer was added at 10 ml per T75 flask. Samples 

were centrifuged at 2000 rpm, 4 °C for 5 min to pellet nuclei. In all 

instance’s samples were centrifuged at 2000 rpm, 4 °C for 5 min to 

pellet nuclei. Supernatant was collected and centrifuged at 12.000 

rpm for 30 minutes, 4 °C. Supernatant was collected and protein 

concentration was quantified using Pierce BCA protein assay kit 

(#23225, ThermoFisher Scientific). Samples were kept frozen at -

20 °C.  
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2.9. Western Blot analysis 

 

2.9.1. Materials 

 

Ammonium persulfate (#A3678-100G, Sigma), Sodium dodecyl 

sulfate (#L3771-100G, Sigma), Temed (#161-0800, Bio-Rad), 

Acrylamide/Bis Solution 30% (#161-0158, Bio-Rad), 

Tris/Glycine/SDS (TGS) Buffer 10x (#161-0772, Bio-Rad), 

Tris/Glycine (TG) Buffer 10x (#161-0771, Bio-Rad), PT Buffer (0.1% 

Tween-20 in PBS), Tween-20 (#P1379, Sigma-Aldrich), Dulbecco’s 

Phosphate Buffered Saline (#D8537, Sigma-Aldrich), Blocking buffer 

(5% non-fat milk in PT Buffer), Nitrocellulose Blotting Membrane 

(#10600016, Amersham), Resolving Gel Buffer – Tris-HCl pH 8.8 

(#161-0798, Bio-Rad), Stacking Gel Buffer – Tris-HCl pH 6.8 (#161-

0799, Bio-Rad), Loading Buffer – 4x (0.25M Tris-HCl pH 6.8, 8% 

SDS, 40 % Glycerol, Bromophenol Blue), Transfer Buffer (10 % TG 

buffer, 20% methanol, 70% Milli-Q H2O), purified mouse anti-human 

CD206 (MMR) Antibody (#321102, Biolegend), Anti-Endo180 

antibody A5/158 [hybridoma] (provided by Dr. Clare Isacke, ICR-

London), Rabbit monoclonal [EP1006Y] antibody to HSP60  control  

(ab45134, ABCam), IRDye 680RD Goat anti-Rabbit (#926-68071, 

Licor), IRDye 800CW Goat anti-Mouse (#926-32210, Licor), Color 

prestained protein ladder (#P7712S, New England BioLabs).  
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2.9.2. Methodology 

 

A 6% SDS-PAGE was prepared according to the following table: 

Deionized Water 5.25 ml 

TrisHCl pH 8.8 2.5 ml 

Acrylamide 2 ml 

10 % SDS 100 µl 

10 % APS 100 µl 

Temed 15 µl 

Table 6. SDS-PAGE gel (6%) preparation protocol. 

The solution was quickly poured in the middle of a pair of glasses on 

a gel apparatus. It was then allowed 40 min to polymerize. A 

stacking gel solution was prepared and poured on top of the 

separating gel: 

 

Deionized Water 1.5 ml 

0.5 M Tris-HCl, pH 6.8 625 µl 

10 % SDS 325 µl 

Acrylamide/Bis-acrylamide 25 µl 

10 % APS 25 µl 

TEMED 2.5 µl 

Table 7. Stacking gel preparation protocol. 

A 1.5 dentate slice was placed to create the wells and the gel was 

allowed to polymerize for 40 min. The gel was placed into the 

running apparatus and filled with 1x TGS buffer. Loading buffer 4 x 

was added to protein samples and boiled at 100 oC for at least 5 

min. The tubes were centrifuged for a few seconds prior loading. The 
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gels were run at 100 V for 90 min. The gels were removed and 

transferred overnight to a membrane, at 200 mA.   

On the following day, the membrane was removed from the 

apparatus and blocked for 1 hour in blocking buffer. The buffer was 

discarded and primary antibody in blocking buffer was added. For 

Endo180 detection, the membrane was incubated for 1 hour on a 

shaker with 10 ml of A5/158 hybridoma supernatant diluted 1:5 in 

blocking buffer (Sheikh et al., 2000). Whilst for MR detection, the 

membrane was incubated for 1 hour on a shaker with 10 ml of 

blocking buffer containing anti-MR antibody (diluted 1:1000). Anti-

HSP60 primary antibody was diluted 1:10000 in the same solution 

as Endo180 or MR. Primary antibodies were removed and membrane 

was washed 3X with PT buffer. For MR and Endo180 quantification, 

the membrane was incubated for 1 hour on a shaker in the presence 

of IRDye 800CW anti-mouse IgG (925-32210, Licor) diluted 1:10000 

in blocking buffer, whilst IRDye 680RD Goat anti-Rabbit (1:15000) 

was used to quantify the housekeeping gene HSP60. The membrane 

was washed 3X with PBS and the volume discarded. The membranes 

were kept in distilled water and quantified on Licor Odissey 9120.   

Alternatively, detection of MR and Endo180-primary antibody was 

done with anti-mouse IgG peroxidase conjugate secondary antibody 

(715-036-150, Jackson Immunoresearch) diluted 1:1000 in blocking 

buffer. ECL reagent (NEL103001EA, Perkin Elmer) was used for 

detection on a KODAK film.   
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2.10. Indoleamine 2, 3 dioxygenase (IDO) activity 

assay 

 

2.10.1. Materials 

 

Acetic acid glacial (#A/0400/PB17, Fisher Scientific), 24-well 

polystyrene tissue culture plate (#0030722116, Eppendorf), L-

Tryptophan (#T8941-25G, Sigma-Aldrich) Recombinant human IFN-

y (285-IF-100, R&D), LPS (#tlrl-peklps, Invivogen), Hydrochloric 

acid (#J/4320/17, Fisher Scientific), Trichloroacetic acid 

(#T/3000/50, Fisher Scientific), L-Tryptophan (#T8941-25G, 

Sigma-Aldrich), 4-(Dimethylamino) benzaldehyde (#156477-25G, 

Sigma-Aldrich), 96-well plate (#439454, Thermo scientific).   

2.10.2. Methodology 

 

Cells grown as in section 2.2 were transferred to a polystyrene tissue 

culture plate on day 5. A total of 250.000 cells in 500 µl RPMI-1640 

media without phenol red were added per well in the presence of 

cytokines and supplements as previously mentioned (section 2.2). 

On day 6, the following cytokines were added to the media in 

combination with the glycopolymers: IFN-γ (20 ng/ml), LPS (20 

ng/ml) and glycopolymers S100-DP240, G100-DP240 plus 100 µM 

of L-Tryptophan (from a solution of 60 mM of L-Tryptophan diluted 

in media from a previous stock solution of 300 mM of L-Tryptophan 

in 1 M HCl). Cells were incubated for a further 24h. Cell media were 

collected and centrifuged at 350 x g, 5 min and the supernatant was 

transferred to another tube. For 100 µl of supernatant, 50 µl of 30% 

trichloroacetic acid was added and centrifuged for 5 min at full speed 

(1720 x g) in a benchtop centrifuge. In a 96-well plate, 100 µl of the 

soluble phase and 100 µl of Ehrlich’s reagent (100 mg p-

dimethylbezaldehyde in 5 ml glacial acetic acid) were added per well, 

incubated for 30 min, and quantified at 492 nm wavelength.  
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2.11. Fluorescence microscopy 

 

2.11.1. Materials 

 

Triton X-100 (#T8787, Sigma-Aldrich), Paraformaldehyde (#15710-

S, EMS), X-Vivo 15 (#BE02-061Q, Lonza), 12 mm coverslips, 

Purified anti-human CD206 (MMR) Antibody (mouse) (#321102, 

Biolegend), Anti-Mannose receptor antibody (Rabbit) (#ab64693, 

ABCam), EEA1 (C45B10) Rabbit mAb (#3288, Cell Signaling 

Technology), LAMP1 (D4O1S) Mouse mAb (#15665, Cell Signaling 

Technology), Alexa Fluor 488-conjugated AffiniPure Donkey Anti-

Mouse IgG (H+L) (#715-545-150, Jackson ImmunoResearch), 

Alexa Fluor 647-conjugated AffiniPure Donkey Anti-Rabbit IgG 

(H+L) (#711-605-152, Jackson ImmunoResearch), Dulbecco’s 

Phosphate Buffered Saline (#D8537, Sigma-Aldrich), Dulbecco’s 

Phosphate Buffered Saline plus CaCl2 and MgCl2 (#14040-091, 

Gibco), Donkey Serum (#D9663, Sigma), DAPI , Ibidi mounting 

medium (#50001, Ibidi). 

2.11.1. Methodology 

 

Before harvesting the cells, coverslips were treated with 1 M HCl for 

1 hour to increase cell adherence. Coverslips were then washed 

several times with media with phenol red, until the media did not 

change colour. The coverlips were then washed twice with sterile 

distilled water and left to dry. Coverslips were then sterilized for 15 

min under UV light and transferred to the bottom of a 24-well plate. 

On day 6 macrophages were harvested from the plates by placing 

them on ice for 20 min and then transferring the content to 15 ml 

tubes. Cells were centrifuged at 350 x g, 4 °C, for 5 min. 

Supernatant was poured off and the pellet was resuspended in 5 ml 

of X-Vivo 15 per each tube and centrifuged at 350 x g, 4 °C, for 5 

min. Supernatant was poured off and cells were resuspended in 1 

ml X-Vivo 15 and counted. A total of 250,000-300,000 cells were 
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placed on wells containing coverslips in the presence of 350 μl X-

Vivo 15 and cytokines. Cells were left overnight to attach to the 

coverslips. On the following day, some wells were incubated with 80 

μM of polymer S100-DP240 for 4 hours. The media was then 

removed and wells were washed twice with 500 μl of PBS (with CaCl2 

and MgCl2). The cells were then fixed by adding 250 μl of 4% 

paraformaldehyde in PBS for 20 minutes while on ice. Wells were 

rinsed with 500 μl of PBS (with CaCl2 and MgCl2), followed by two 5 

min washes with 500 μl of PBS (with CaCl2 and MgCl2) at RT. This is 

the standard washing step for the immunofluorescence assay. Cells 

were permeabilized with 250 μl of 0.15 % Triton-X100 in PBS for 30 

minutes. Triton-X100 solution was removed from the wells and 

washed according to the standard washing step. To block unspecific 

binding of antibodies, the cells were incubated for 1 hour with 250 

μl of 5% filtered donkey serum in PBS at RT. The blocking buffer was 

removed and 200 μl of primary antibodies were added to respective 

wells. Purified anti-human CD206 Antibody (mouse) (10 μg/ml), 

Anti-Mannose receptor antibody (Rabbit) (1 μg/ml), Anti-Endo180 

antibody (Mouse) (dilution 1:3), Anti-EEA1 (C45B10) Rabbit mAb 

(dilution 1:50), Anti-LAMP1 (D4O1S) Mouse mAb (dilution 1:50), all 

diluted in blocking buffer 5% donkey serum in PBS. Samples were 

incubated at RT for 12 hours at 4 oC. Wells were washed according 

to the standard washing step and then incubated with 250 μl of 

secondary antibodies – Anti-mouse Alexa Fluor 488 and Anti-rabbit 

Alexa Fluor 647 (8 μg/ml) diluted in blocking buffer (5% donkey 

serum). Wells were washed according to standard washing step. To 

stain the nucleus 250 μl of DAPI were added per well at 1 μg/ml in 

PBS for 5 minutes at RT. Wells were washed according to standard 

washing step. Coverslips were then removed from the wells and left 

to dry for a few seconds and then placed on glass slides with 3 μl of 

Ibidi mounting medium. Coverslips were then sealed with nail polish 

and left overnight to set.  
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During the optimization process, the slides were analysed by 

fluorescence microscope. After optimization process, the slides were 

analysed by confocal Zeiss 880. Images were processed by Fiji 

software for colocalization analysis and for line intensity profile 

calculation.  
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Chapter 3 – The interaction of MR-

binding glycopolymers with human 

macrophages 

 

With the success of the lab synthetized glycopolymer S100-DP187 

in diminishing acute tubular injury in a mouse model of ischemia-

reperfusion, it became necessary to study its function in a human 

setting looking forward at its therapeutic potential. Before testing its 

biological effects, it was essential to investigate whether these 

polymers bind the human CR domain of MR. In a binding assay 

where different polymers were tested against MR protein domains, 

polymer S100-DP187 showed binding to the CR domain of MR. Upon 

confirmation of polymer binding the next step was to validate its 

binding to human cells that express MR. Monocyte-derived 

macrophages were the cell type of choice, therefore polymer binding 

to these cells would be expected. Glycopolymer association with 

macrophages had to be tested, as well as, the increase in polymer 

dose and the effect of temperature in polymer uptake. The presence 

of macrophage cell markers had to be detected in these cells, giving 

more confidence about its identity. This initial step is necessary to 

determine the polymer specificity to its respective MR domain and 

how is the interaction between these and human cells expressing 

MR. With this in mind specific aims were set:  

1 – Determine polymer S100-DP187 binding to human cysteine-rich 

domain of MR. 

2 - Determine polymer uptake by human monocyte-derived 

macrophages and quantify polymer uptake under different 

concentrations. 

3 – Determine the effect of temperature on polymer uptake by 

monocyte-derived macrophages. 
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4- Investigate binding competition between alternative sulfated 

polymer S100-DP240 vs S100-DP187.         

  

 

3.1. Polymer S100-DP187 binds the cysteine-rich 

(CR) domain of human MR 

 

 

S100-DP187 was previously shown to bind the CR domain of mouse 

MR, even though sequence analysis between mouse CR domain and 

human CR domain shows 85% identity (Figure 13), it was important 

to test if it was also recognised by the CR domain of human MR, 

prior to analysing its interaction with human macrophages. To 

investigate recognition of glycopolymer S100-DP187 by the CR 

domain of human MR, a lectin binding assay was done as described 

in materials and methods. A clear-bottom plate was pre-incubated 

with different glycopolymers overnight and excess/unbound 

glycopolymer as washed the following day. This step was followed 

by incubation with chimeric human cysteine-rich domain (HuCR)-Fc 

protein and mouse C-type lectin-like domain 4-7 (CTLD4-7)-Fc 

protein. The binding between glycopolymers and the MR domains 

was quantified. The interaction between polymer S100-DP187 and 

recombinant HuCR was dependent on protein concentration 

although saturation was not reached at the concentrations tested 

(Figure 14). HuCR did not interact with polymers M100-DP187 and 

G100-DP187. Mouse CTLD4-7 binding to polymer M100-DP187 also 

was dependent on protein concentration (Figure 14), however, the 

binding seemed to saturate at 5.0 µg/ml protein concentration.  
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Mouse  23 

RQFLIYNEDHKRCVDALSAISVQTATCNPEAESQKFRWVSDSQIMSVAFKLCLGVPSKTD   

RQFLIYNEDHKRCVDA+S  +VQTA CN +AESQKFRWVS+SQIMSVAFKLCLGVPSKTD 

RQFLIYNEDHKRCVDAVSPSAVQTAACNQDAESQKFRWVSESQIMSVAFKLCLGVPSKTD 

Human  23      

 

Mouse  83   

WASVTLYACDSKSEYQKWECKNDTLFGIKGTELYFNYGNRQEKNIKLYKGSGLWSRWKVY   

W ++TLYACDSKSE+QKWECKNDTL GIKG +L+FNYGNRQEKNI LYKGSGLWSRWK+Y 

WVAITLYACDSKSEFQKWECKNDTLLGIKGEDLFFNYGNRQEKNIMLYKGSGLWSRWKIY 

Human  83    

 

Figure 13. Analysis of MR Cysteine-rich (CR) domain sequence 
alignment between species Mus musculus and Homo sapiens. Protein 
sequence alignment from MR CR domain of species Mus musculus (Q61830, 
MRC1 MOUSE, Uniprot) and Homo sapiens (P22897, MRC1 HUMAN, 
Uniprot) were directly compared by Blastp at http://blast.ncbi.nlm.nih.gov/. 

 

Neither HuCR nor CTLD4-7 showed significant binding to polymer 

G100-DP187, as expected.  

In summary, the binding specificity of CTLD4-7 protein to the 

mannosylated GP (M100-DP187) and the HuCR protein binding to 

the sulfo-galactosylated GP (S100-DP187), as well as the lack of 

binding togalactosylated GP (G100-DP187), is in accordance to what 

is expected for the CTLD4-7 region and CR domain of MR (Leteux et 

al., 2000, Liu et al., 2000, Taylor et al., 1992, Taylor and Drickamer, 

1993) and confirm the potential for human MR to recognise S100-

DP187.  

 

 

 

 

 

 

http://blast.ncbi.nlm.nih.gov/
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Figure 14. Recognition of polymer S100-DP187 by the CR domain of 
human MR and of polymer M100-DP187 by the CTLD4-7 region of mouse 
MR. Plates coated with 5 µg/ml of glycopolymers M100-DP187, S100-DP187 
and G100-DP187 were incubated with proteins huCR-Fc (Martinez-Pomares 
et al., 2005) and muCTLD4-7-F (Linehan et al., 2001) for 2 hours and binding 
was quantified through alkaline phosphatase activity. HuCR-Fc and 
muCTLD4-7-F binds to sulfo-galactose and mannose sugars, respectively. 
Binding was detected though the activity of an alkaline phosphatase 
secondary antibody at OD405 Mean OD for n=2, in duplicate. 
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3.2. Association of MR-binding polymers with 

human monocyte-derived macrophages  

 

To determine if MR-binding polymers could interact with human 

macrophages, monocyte-derived macrophages generated in the 

presence of M-CSF, GM-CSF or M-CSF and IL-4 were tested for their 

ability to associate with different polymers (S100-DP187: 4.2 µM, 

M100-DP187 and G100-DP187: 5.3 µM). The Oregon Green labelling 

of the polymers was exploited to quantify its binding to macrophages 

by flow cytometry. Cells used in the assay derived from human buffy 

coats and went through a positive selection for CD14 expression – a 

molecular marker mostly expressed in monocytes and macrophages. 

The maturation process of these cells took 7 days in the presence of 

different cytokines, including M-CSF, GM-CSF and IL-4. The goal in 

this stage was to verify polymer binding to macrophages which 

underwent different maturation protocols. Day 7 monocyte-derived 

macrophages (100.000 cells/200 µl) in X-Vivo 15 were incubated 

with 200 µl of S100-DP187 (4.2 µM), M100-DP187 (5.3 µM), G100-

DP187 (5.3 µM) for 1 hour at 37 °C and fluorescence was quantified 

using a FC500 flow cytometer. In the Forward Scatter (FS) vs Side 

Scatter (SS) plot, events in the left and bottom area of the graph, 

which represent cell debris and damaged cells, were excluded for 

the analysis (Figure 15, Panel B). The number of dead cells found in 

the FS/SS plot was not significantly affected by the use of 

glycopolymers (Figure 15, Panel C and D). Regardless of treatment 

(M-CSF or M-CSF + IL-4), cells incubated at 37 °C with polymers 

S100-DP187 and M100-DP187 showed increased Mean Fluorescence 

Intensity (MFI) in the FL1 channel (emission filter 525nm/40) in 

comparison with untreated or G100-DP187-treated cells (Figure 15, 

Panel A). The MFI was slightly higher for cells incubated with the 

mannosylated polymer M100-DP187 under all conditions. One 

explanation for this could be due to a difference in labelling efficiency 
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between polymers. IL-4+M-CSF treated macrophages showed 

higher fluorescence when incubated with polymers than M-CSF only-

treated macrophages. A higher MFI for IL-4 treated cells was 

expected as this type of cells are known to express more MR (Stein 

et al., 1992). Glycoconjugates with galactose in the terminal position 

are known not to bind to alveolar macrophages, which are known to 

express MR (Shepherd et al., 1981). Thus, absence of fluorescence 

emitted from cells incubated in the presence of polymer G100-

DP187 confirmed that this polymer could be used as a negative 

control for further experiments.  

As the recognition of glycoproteins by alveolar macrophages is 

serum-independent (Stahl et al., 1978), the binding of 

glycopolymers S100-DP187 and M100-DP187 to monocyte-derived 

macrophages also occurred normally in X-Vivo 15, a serum-free 

medium. These preliminary results suggest that both S100-DP187 

and M100-DP187 polymers can specifically associate with different 

types of human macrophages, corroborating the expectations from 

the binding assay where the two polymers showed binding to HuCR 

and CTLD4-7 domains, respectively.    
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Figure 15. Binding of polymers S100-DP187 and M100-DP187 to human 
macrophages generated in the presence of M-CSF, GM-CSF or M-CSF + 
IL-4. Top Panel A. Human macrophages generated in the presence of M-CSF, 
GM-CSF or M-CSF+IL-4 were incubated with polymers S100-DP187, M100-
DP187 or G100-DP187 and processed for flow cytometry analysis. 
Fluorescence was detected in macrophages incubated with polymers S100-
DP187 and M100-DP187 independently of the type of macrophage 
differentiation.  M-CSF + IL-4 cells incubated with polymers S100-DP187 and 
M100-DP187 displayed increased mean fluorescence intensity, as expected. 
Panel B. Example of gating strategy used throughout flow cytometry 
experiments. Panel C. Example of percentage of dead cells in IL-4 treated 
cells. Panel D. Percentage of dead cells and debris found on the left-bottom 
corner in FS/SS plots of M-CSF and IL-4 + M-CSF treated macrophages. M-
CSF: n=2, M-CSF + IL-4, n= 3. 
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3.3. Phenotypic characterisation of human 

macrophages  

 

To confirm that monocytes incubated with M-CSF or M-CSF and IL-

4 expressed the expected cellular markers after 7 days of culture, 

cells were subjected to analysis of cell surface markers using flow 

cytometry. Five markers (CD14, CD16, CD206, CD11b, HLA-DR) 

were chosen according to their previous detection in macrophages 

(Griffin et al., 1981, Kümmerle-Deschner et al., 1998, Rőszer, 2015, 

Ling et al., 2014, Rogers et al., 2014). Markers CD206, CD11b and 

HLA-DR were present in both cell types and were up-regulated by 

IL-4 (Figure 16). Of note isotype controls showed negligible binding 

under all conditions. The surface markers CD14 and CD16 are known 

to be present mostly in monocyte populations. After 7 days of 

incubation the macrophages did not show high expression of CD14 

or CD16 and the fluorescence was similar for specific antibodies and 

isotype controls. Likely CD14 and CD16 are downregulated in these 

cells as they mature. CD14 is known to be downregulated in 

monocytes by IL-4 in the presence of serum (Ruppert et al., 1993).  

In this study the quantification of surface MR is of particular interest. 

As reported previously, IL-4 increases CD206 expression (Martinez-

Pomares et al., 2003, Egan et al., 2004) which is in accordance with 

our results regarding increased cell association of MR-binding 

polymers in IL-4-treated human macrophages.    

The ability to recognize mannose glycoconjugates is restricted to 

macrophages, compared to monocytes, and is absent on 

polymorphonuclear leukocytes or lymphocytes (Stahl et al., 1978). 

Hence in agreement with the presence of macrophage markers in 

these monocyte-derived macrophages, uptake of MR ligands further 

gives more confidence regarding the identification of the cells used 

in our lab as macrophages. 
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Figure 16. Mean fluorescence intensity for cell surface markers in M-CSF 
and M-CSF + IL-4 macrophage cultures. Human macrophages generated in 
the presence of M-CSF or M-CSF+IL-4 were incubated with labelled cell 
surface antibodies (CD206, CD11b, HLA-DR, CD14 and CD16) for 1 hour and 
processed for flow cytometry analysis. Established macrophage markers, 
such as CD11b, CD206 and HLA-DR were present in both cell conditions. An 
increase in fluorescence intensity for these markers is observed in the 
presence of IL-4. However, in these same conditions, CD14 was 
downregulated and become absent in the presence of IL-4. For each cell 
marker there is the corresponding isotype control on the second column. 
Paired t-test analysis shown (No significant differences). CD206, N=5; HLA-
DR, CD11b, CD14, N=4; CD16, N=2.  
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3.4. Effect of temperature on the association of MR-

binding polymers to human macrophages.  

 

Active internalization of molecules by cells is temperature-

dependent. This is particularly relevant for MR, which is mostly 

restricted to the early endosomal compartment and mediates ligand 

uptake through recycling from the plasma membrane to endosomes. 

To determine if polymer association to macrophages is mediated by 

an active process leading to internalisation, rather than binding to 

the plasma membrane, human macrophages were incubated with 

polymers at the temperatures of 4 °C and 37 °C. As shown in Figure 

(Figure 17A), cell fluorescence after incubation with polymers was 

affected by changes in temperature. At 4 °C, macrophages showed 

much lower MFI compared to cells incubated at 37 °C. This is 

particularly noticeable in IL-4 treated macrophages where an 

average 4.3 x MFI increase was observed between the 4 °C and 37 

°C for the sulfated polymer S100-DP187. For polymer M100-DP187 

the average MFI increase from 4 °C to 37 °C was 12.2 x higher MFI 

(Figure 17A). IL-4 treated cells incubated at 4 °C with S100-DP187 

showed a higher percentage of cells expressing fluorescence above 

the threshold ‘O’ (Figure 17B). In this case, there are more S100-

DP187 glycopolymers binding to macrophage’s surface at 4 °C. 

However, this small number of cells showing higher fluorescence was 

not enough to significantly increase the overall MFI at 4 °C in the 

S100-DP187-treated cells. Temperature is known to affect receptor 

binding and endocytosis of glycoproteins (Stahl et al., 1980). Results 

suggest a temperature effect on binding and uptake of polymers by 

macrophages, explaining the low polymer MFI at 4 °C.  
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Figure 17. Temperature effect on polymer association to human 
macrophages. Human macrophages generated in the presence of M-CSF or 
M-CSF+IL-4 were incubated with polymers S100-DP187, G100-DP187 or 
M100-DP187 for 1 hour at 4 °C or 37 °C and processed for flow cytometry 
analysis.  Panel A: Fluorescence was detected in macrophages incubated 
with polymers S100-DP187 and M100-DP187 after 1-hour incubation at 37 °C 
whilst low temperature (4 °C) in polymer association to macrophages. The 
difference between the 4 °C and 37 °C treatments was more prominent in IL-
4 treated cells. Even with no significant difference in MFI between different 
polymer treatments at 4 °C (Panel B), an increase of cells above the threshold 
‘O’ was observed, indicating that some cells are able to associate with the 
polymer S100-DP187 even at low temperatures (Panel D). At higher 
temperatures (37 °C), polymers S100-DP187 and M100-DP187 are 
associated with macrophages (Panel C and E). Polymer concentrations used: 
S100-DP187: 4.2 µM, M100-DP187 and G100-DP187: 5.3 µM. n=2.  
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3.5. Polymer association to macrophages is dose-

dependent.  

 

To determine if polymer uptake was dependent on polymer 

concentration, cells were incubated with different polymer amounts 

for 1 hour at 37 °C. Increasing polymer concentrations led to higher 

MFI for both M100-DP187 and S100-DP-187 (Figure 18). This 

increase not only depended on polymer concentration but also on 

the presence of cytokines. Confirming previous findings, IL-4-

treated cells displayed higher fluorescence compared to M-CSF cells. 

Saturability is observed in clearance of glycosylated macromolecules 

(Stahl et al., 1978). In M-CSF treated macrophages, saturability was 

observed at 15 μM polymer concentration. From 0.6 to 75 μM, no 

galactose polymer binding was observed for either M-CSF or IL-4 

treated macrophages. In IL-4 treated macrophages, no saturation 

was found and the slightly higher MFI trend for all concentrations of 

M100-DP187, in comparison with S100-DP187, corroborates what 

was observed in the previous sections. 

 

Figure 18. Effect of polymer dose on their association with human 
macrophages. Human macrophages generated in the presence of M-CSF or 
M-CSF+IL-4 were incubated with polymer concentrations (0.5 μM, 3 μM, 15 
μM, 75 μM ) S100-DP187, G100-DP187 or M100-DP187 for 1 hour at 4 °C or 
37 °C and processed for flow cytometry analysis. Increase in S100-DP187 and 
M100-DP187 polymer concentrations led to increased binding/uptake to 
macrophages at 37oC.  IL-4-treated cells showed, approximately, 3-fold 
increase in MFI compared to M-CSF cells and no saturation point was 
observed. N=2.  
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3.6. Uptake of polymer S100-DP187 by human 

macrophages can be competed with polymer S100-

DP240 

 

As explained previously, polymers used in this study were 

synthetized by two different techniques – ATRP (Atom transfer 

radical polymerization) and RAFT (Reversible addition-fragmentation 

chain transfer). In order to test if the newly synthetized RAFT 

polymers were able to compete with ATRP sulfated polymers for the 

same binding site, IL-4 treated macrophages were incubated with 

the RAFT polymers S100-DP240 and G100-DP240, which were 

unlabelled, for 1 hour at 37 °C and then further incubated for 2 or 6 

hours in the presence of the Oregon Green-labelled ATRP polymer, 

S100-DP187 (Figure 19). The hypothesis was if both types of 

sulfated polymers bind to the same domain of MR, it would be 

expected a decrease in S100-DP187 fluorescence due to competition 

between the two polymers. At 2 hours incubation with the labelled 

polymer, no significant decrease in fluorescence intensity was 

observed. At 6 hours incubation, a small decrease in S100-DP187 

fluorescence was observed in the S100-DP240-treated cells, but not 

in the G100-DP-240-treated cells. Surprisingly, no dose effect in 

correlation with the increase of unlabelled polymer was observed 

(Figure 20).  

 

Figure 19. Summary of the competition assay between S100-DP240 and 
S100-DP187. 
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Figure 20. RAFT synthetized polymer, S100-DP240, competes with 
ATRP synthetized polymer, S100-DP187. After 6-hour incubation a 
decrease in polymer S100-DP187 fluorescence was observed when these 
samples were previously incubated with S100-DP240. After 2-hour 
incubation no significant competition was observed.   
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3.7. Discussion 

 

Molecular recognition plays an important role in living organisms 

(Mammen et al., 1998). Recognition in biological systems can 

happen through protein-protein, carbohydrate-protein and antigen-

antibody interactions and its strength depends on the electrostatic, 

hydrophobic and hydrogen bonding interactions. Because individual 

molecular interactions are weak, to have a stronger binding effect it 

is necessary to increase the number of molecular interactions. This 

phenomenon is known as multivalency. Carbohydrate interactions 

are known to be specially affected by multivalency (Lee and Lee, 

1995). The glycopolymers generated by our group were initially 

synthetized by the method of atom-transfer radical polymerization 

(ATRP). Glycopolymers with 187 sugar binding units, termed, M100-

DP187, G100-DP187 (Mn 70 kDa) and S100-DP187 (Mn 89 kDa) have 

been used in this study. This nomenclature refers to polymers 

labelled with Oregon green and bearing repeating units of mannose 

(M100-DP187), galactose (G100-DP187) or SO4-3-Galactose (S100-

DP187). Glycopolymers M100-DP187 and S100-DP187 were 

designed to target the two domains of MR, the CTLDs and CR 

domain, respectively. For comparison purposes, polymer G100-

DP187 was specifically used as negative control for the experiments.  

Due to successful results showing the protective ability of polymer 

S100-DP187 in an animal model of ischemia reperfusion injury 

(manuscript in preparation), testing these polymers in human cells 

was considered as the initial step for future clinical studies. Initial 

binding assay results showed that the SO4-3-Galactose polymer 

(S100-DP187) synthetized by our group is able to bind in a 

concentration dependent manner to the CR domain of human MR. 

The same polymer showed binding to monocyte-derived 

macrophages generated after 7 days of in vitro culture, 

independently of the differentiation method used, whether treated 
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with M-CSF, GM-CSF or M-CSF plus IL-4. The amount of 

binding/internalization observed was dependent on the macrophage 

treatment, with IL-4 treated macrophages showing a higher 

binding/internalization, likely caused by MR up-regulation by IL-4 

(Stein et al., 1992).  

Uptake of mannose-BSA by alveolar macrophages was shown to 

proceed linearly over time and one explanation for that was receptor 

recycling within the cell  (Tietze et al., 1980). In other words, when 

the receptor-ligand complex is internalized, the ligand is dissociated 

from the receptor inside the cell, allowing the receptor to be recycled 

back to the membrane (Tietze et al., 1980). The process involves 

binding to a specific receptor and association with coated pits on the 

membrane and internalization in coated vesicles. The ligand may 

follow degradation in the lysosomes (Goldstein et al., 1979). The 

idea of receptor recycling came after the observation that (I) cells 

possess the ability to internalize ligands that far exceeds the number 

of receptors on the membrane and (II) uptake proceeds in the 

absence of protein synthesis (Tietze et al., 1982). At any given time, 

a large fraction of MR remained inside the rat alveolar macrophages 

(Stahl et al., 1980) an observation that has been reproduced in 

many instances using mouse and human macrophages as well as 

CHO cells expressing MR. In section 3.5, polymer binding/uptake by 

M-CSF cells saturated at 15 μM, with further increase in polymer 

concentration not leading to any increase in MFI. Saturability and 

ligand specificity is necessary to define binding as receptor-

mediated. In cells treated with IL-4, increasing concentrations of 

polymers led to a higher MFI in comparison with the M-CSF only 

treated cells. No saturability was observed for the IL-4 treated cells, 

probably due to a larger receptor pool. Intracellular receptor pool for 

MR may be 4-fold larger than the cell-surface receptor pool  (Stahl 

et al., 1980). In rat alveolar macrophages, uptake could reach 2x106 

molecules/h per cell. This suggests that each receptor, on average, 
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might take 11 minutes for each cycle, from cell surface to 

internalization and back to surface again. Acidification may also 

seem to be necessary for recycling of unoccupied receptors (Tietze 

et al., 1982). An important difference between the two types of 

polymers need to be mentioned. In MR+-CHO cells binding to MR by 

polymer M100-DP187 is calcium and pH-dependent, with a decrease 

in pH dramatically diminishing the avidity of this polymer to the 

receptor. In contrast, polymer S100-DP187 binding to MR is calcium 

and pH independent. This points to a significant difference in action 

between these two polymers.      

Lower temperature was shown to affect polymer internalization of 

cells treated with labelled glycopolymers. This is in agreement with 

previous results where uptake of mannose-BSA by rat alveolar 

macrophages occurred only at 37 °C and binding/ internalization was 

time- and concentration-dependent (Stahl et al., 1980) and indicate 

that increase in fluorescence after incubation of macrophages with 

the polymers is due to cellular uptake rather than association with 

the plasma membrane.  

After the initial tests with the ATRP polymers, a new family of 

polymers were synthesized by reversible addition-fragmentation 

chain-transfer polymerization (RAFT). The advantage of using this 

family of polymers is its increased biocompatibility due to lack of 

heavy metals during in the polymerization reaction. To verify if these 

could be used as a substitute to the initial ATRP polymers, a 

competition assay between the two types of polymers was designed 

in order to assure they compete for the same binding site. RAFT 

polymers were synthesized with no fluorescent labelling in contrast 

to the ATRP polymers which are labelled with Oregon Green. In IL-4 

treated macrophages, after one-hour incubation with RAFT polymers 

(S100-DP240 and G100-DP240) followed by two hours incubation 

with the ATRP polymer (S100-DP187), no polymer competition was 

observed. One possible explanation for the lack of competition here 
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is that this type of cells has a large intracellular receptor pool and 

due to constant receptor cycling, the total time frame of three hours 

was not enough to cause a significant difference. For comparison 

purposes, uptake inhibition of mannose-BSA was only seen after the 

bulk of receptors were internalized by alveolar macrophages (Tietze 

et al., 1980). However, at six hours incubation with S100-DP187, a 

small decrease in polymer uptake was observed when cells were 

previously incubated with S100-DP240, indicating possible 

competition between the two types of polymers. To complement this 

experiment, a binding assay that includes S100-DP240 and the same 

chimeric protein (HuCR) used in section 3.1 would further confirm 

that this polymer binds to the same CR domain of MR as polymer 

S100-DP187. This was actually accomplished by Dr. Mastrotto 

(unpublished data) who confirmed through an independent assay 

that polymer S100-DP240 do bind the CR domain of MR. 

The successful interaction between these polymers and the human 

macrophage mannose receptor assured the reliability of these 

polymers and opened the possibility for further exploration of its 

biological effects.   
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Chapter 4 - Effect of MR-binding 

glycopolymers in human macrophages 

 

The confirmation of S100-DP187 polymer internalization by human 

macrophages and its binding to the CR domain of human MR opened 

up the possibility for further exploration of its effect on human 

macrophages. Collagen turnover is an important process in tissue 

remodelling that allows for organ growth and cell migration (Madsen 

et al., 2013). Receptors like Endo180 in fibroblasts (Madsen et al., 

2007) and MR in macrophages (Martinez-Pomares et al., 2006b) 

play a role in collagen turnover. Collagen binding to MR is mediated 

though the FNII domain (Napper et al., 2006b) and is independent 

of carbohydrate binding (Martinez-Pomares et al., 2006b). As the 

polymer S100-DP187 binds the CR domain of MR in a pH-

independent manner, leading to trapping of the receptor within cells, 

it would be expected that collagen uptake by this receptor would be 

affected. In this chapter the blocking ability of S100-DP187 was 

tested by incubating monocyte-derived macrophages for a period of 

time with glycopolymers followed by incubation with fluorescently-

labelled gelatin. Inhibition of gelatin uptake was quantified by flow 

cytometry. Total MR pool after incubation with polymers was also 

investigated. In addition, changes in cell surface markers and in cell 

metabolism in response to this polymer would provide an indication 

of its biological capabilities and potential for its use in clinical 

therapy. With this in mind, the ability of glycopolymers to affect 

macrophage polarization was tested, either by cell surface markers 

analysis or by detection of metabolic changes. Macrophages 

incubated with polymers were tested for changes in cell surface 

markers by flow cytometry. To complement the phenotypic analysis, 

tryptophan metabolism was also analysed through an indoleamine 

2, 3-dioxygenase (IDO) activity assay. IDO plays an important role 
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in health and disease (Cervenka et al., 2017, Schröcksnadel et al., 

2006), and is affected by MR activity (Salazar et al., 2016, Royer et 

al., 2010). 

The aims of this chapter are: 

1- To confirm inhibition of gelatin uptake by polymer S100-

DP187 in human macrophages.   

2- To study changes in cell surface markers caused by uptake of 

S100-DP187 polymer. 

3- To detect changes in tryptophan metabolism caused by 

polymer S100-DP240. 

4- To quantify total MR protein in the cell after incubation with 

S100-DP187.  

 

 

4.1. Effect of glycopolymers on gelatin 

binding/uptake by human macrophages 

 

Uptake of collagen from the extracellular matrix is a necessary step 

in tissue regeneration. Collagen is broken down by matrix 

metalloproteinases (MMPs) and internalized by fibroblasts and 

macrophages. In mouse macrophages, collagen binds to the 

Fibronectin-type II (FNII) domain of MR (Martinez-Pomares et al., 

2006b) and is internalized for digestion in the lysosomes. Our earlier 

results showed that gelatin uptake by CHO-MR and mouse 

macrophages cells could be inhibited by S100 polymers (both DP-32 

and DP-187) with this inhibition lasting more between 16 to 24 h in 

CHO-MR cells. In the previous chapter it was shown that 

glycopolymers bind to human MR and human macrophages, but the 

ability of these polymers to affect collagen uptake was not 

investigated. In order to test the polymers capacity to block collagen 

uptake by human macrophages, macrophages were assessed for 

their ability to bind/internalize the FNII ligand gelatin after pre-
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incubation with polymers. Gelatin, the product of thermal 

denaturation and disintegration of collagen was used for this assay. 

Gelatin labelled with Texas Red was provided by Dr Francesca 

Mastrotto. Mature macrophages (day 7, M-CSF and M-CSF+IL-4) 

incubated in the presence of glycopolymers for 1 or 6 hours followed 

by incubation with gelatin (10 μg/ml) for 1 hour were analysed by 

flow cytometry. In one sample there was only the addition of gelatin 

but no glycopolymer. Kaluza software was used for analysis of the 

cells which were gated using the same strategy as the previous 

chapter. After gating the cell population, channels for polymers 

labelled with Oregon Green (Laser 488nm, emission spectrum 500-

526nm) and for gelatin labelled with Texas Red (Laser 561nm, 

emission spectrum 604-624nm) were created for calculation of MFI. 

Gelatin uptake was increased by treatment with M-CSF + IL-4 

compared to M-CSF treatment. M2 macrophages are known for 

participating in extracellular matrix degradation (Madsen and Bugge, 

2013), thus a more active gelatin uptake would be expected in 

macrophages treated with IL-4. Gelatin uptake was not affected by 

incubation with polymer S100-DP187 (48 μM) for 1 hour in M-CSF 

macrophages but a slight reduction was seen in M-CSF + IL-4 

treated cells (Figure 21), panel A). These results contrast with CHO-

MR cells which showed significant reduction in gelatin uptake after 

1h incubation with S100-DP187 (Figure 10). This could reflect 

differences in MR biology between both types of cells and/or the 

activity of another collagen binding receptor in human macrophages.  
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Figure 21. Effect of polymers (1-hour incubation) on gelatin uptake by 
human macrophages. Incubation with polymer S100-DP187 for 1 hour at 37 
°C prior to gelatin incubation (10 μg/ml) for 1 hour caused a slight reduction in 
gelatin uptake by IL-4-treated macrophages. Polymer concentration: 48 μM. 
n=4. 

 

 Two other polymer concentrations were used- 192 μM and 768 μM, 

to test their effect on gelatin uptake after 1-hour incubation. In M-

CSF treated macrophages, none of the three concentrations tested 

(48, 192 and 768 μM) showed major inhibition of gelatin uptake 

(Figure 22, A). Polymer G100-DP187 at 768 µM associated with M-

CSF macrophages and with M-CSF + IL-4 macrophages at 192 and 

768 μM (Figure 22, B), something not observed at 48 μM. Incubation 

with 192 μM and 768 μM S100-DP187 decreased gelatin uptake in 

IL-4-treated cells and the effect seems to be dose dependent (Figure 

22, B). Increasing concentrations of M100-DP187 also led to a 

reduction in gelatin uptake, however, the inhibition was not as 

efficient as the one caused by polymer S100-DP187. Based on these 

observations it was concluded that in comparison with CHO-MR cells, 
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incubation with polymer S100-DP187 at 48 μM for 1 hour does not 

significantly inhibit gelatin uptake in human macrophages. 
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Figure 22. Effect of different polymer concentrations (1-hour incubation) 
on gelatin binding to human macrophages. Monocyte-derived 
macrophages were incubated with polymers for 1 hour at 37 °C prior to gelatin 
incubation (10 μg/ml) for 1 hour. Polymers concentrations: 48 μM, 192 μM, 
768 μM. Panel A. Glycopolymers and gelatin MFI histogram for M-CSF treated 
macrophages. Panel B. Glycopolymers and gelatin MFI histogram for M-CSF 
+ IL-4 treated macrophages. An increase from 48 uM to 768 uM in polymer 
S100-DP187 concentration provoked a decrease in gelatin uptake by IL-4 
treated macrophages, as it can be observed by the decrease in Texas Red 
fluorescence for cells incubated with this polymer. Panel C. Glycopolymers 
and gelatin MFI for IL-4 treated macrophages. Reduction in gelatin uptake in 
IL-4 treated macrophages was also observed in M100-DP187 treated cells but 
the inhibition was not as efficient as the one caused by polymer S100-DP187. 
Data analysed in Kaluza shows MFI for the Oregon Green labelled polymers 
(Laser 488nm, emission spectrum 500-526nm) and Texas Red labelled gelatin 
(Laser 561nm, emission spectrum 604-624nm) for the three different 
concentrations. n=1. 
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A 6 hours incubation with S100-DP187 (48 μM) followed by a 1-hour 

gelatin (10 μg/ml) incubation led to more prominent reduction in 

gelatin fluorescence in IL-4-treated macrophages (Figure 23). This 

effect was also observed with S100-DP240 (40 μM). The difference 

in inhibition efficiency between assays suggests that polymer time 

of incubation plays a significant role in gelatin uptake inhibition. 

 

 

Figure 23. Effect of polymers (6-hour incubation) on gelatin uptake by 
human macrophages. Prominent gelatin uptake inhibition was observed in 
IL-4 treated cells in the presence of either sulfated polymers (S100-DP187 and 
S100-DP240) after 6 hours incubation at 37 °C followed by gelatin incubation 
for 1 hour.  Data was normalized from 0 (lowest MFI in each experiment) to 
100 (highest MFI in each experiment). S100-DP187, G100-DP187, M100-
DP187: 48 μM and S100-DP240, G100-DP240: 40 μM. n=3.   
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4.2. Endo180 is expressed in human macrophages 

 

Differences in gelatin uptake inhibition for one-hour polymer 

incubation between CHO+MR cells and human macrophages pointed 

to divergent uptake processes between the two cell types. This could 

be caused by another collagen binding receptor that present in 

human macrophages and could compensate for the impaired gelatin 

uptake inhibition by S100-DP187 in these cells. Endo180 is a known 

collagen binding receptor in fibroblasts but has been found in human 

monocyte-derived macrophages and co-localize with CD14 in 

macrophages from human skin sections (Sheikh et al., 2000). This 

receptor is also known as mannose receptor 2 due to its structural 

similarities to MR. Endo180 (CD280) contains the same three main 

regions than MR: the cysteine-rich domain; the FNII domain and 

eight CTLDs domains, however, the cysteine-rich domain in this 

receptor does not bind sulfated sugars (East and Isacke, 2002), 

excluding the possibility that polymer S100-DP187 would also affect 

the function of this receptor. We employed western blotting to test 

for the presence of Endo180 in human macrophages. Protein lysate 

from the fibroblastic cell line, MRC5, was used as a positive control 

for the presence of Endo180. Macrophages treated for seven days in 

the presence of M-CSF or M-CSF + IL-4 were lysed on day 7 and the 

protein lysate was used for Endo180 detection. M-CSF and M-CSF + 

IL-4-treated macrophages showed expression of Endo180, however, 

in order to detect this receptor, the amount of protein loaded per 

well for macrophages (20 μg) had to be higher than for MRC5 cells 

(6 μg) (Figure 24). The presence of this additional collagen binding 

receptor in human macrophages could explain the decreased gelatin 

inhibition uptake by polymer S100-DP187 in these cells when 

compared to CHO-MR. Differences in band sizes between MRC5 and 

M-CSF + IL-4 macrophages and M-CSF macrophages could be 

explained by changes in protein glycosylation in Endo180 (Su et al., 
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2005). An intriguing observation of this preliminary assay was that 

End180, unlike MR, was downregulated by IL-4.  

 

Figure 24. Analysis of Endo180 expression in human macrophages. M-
CSF and M-CSF + IL-4 macrophages were cultured for seven days, on day 7, 
cells were lysed and protein lysates (20 μg protein/well) were used for 
Endo180 detection. Membrane was incubated with A5158 antibody primary 
antibody (dilution 1:5) for 1 hour, followed by incubation with secondary 
antibody anti-mouse peroxidase (dilution 1:1000) for 1 hour. As positive 
control MRC5 protein lysate was used at 6 μg per well.  
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4.3. Cell surface markers expression after polymer 

incubation 

For a molecule to be considered a “mannose receptor blocker” in 

addition to inhibiting its activity it should also reduce the presence 

of the receptor at the cell surface. To investigate whether the 

glycopolymer S100-DP187 could block MR presence at the cell 

surface, monocyte-derived macrophages were initially incubated 

with 48 μM of S100-DP187, M100-DP187 and G100-DP187 for 1 

hour followed by incubation with anti-MR antibody labelled with 

Alexa-Fluor 647 for 1 hour. Cells were fixed and antibody 

fluorescence was quantified by flow cytometry and analysed by 

Kaluza software. M-CSF + IL-4 macrophages incubated with S100-

DP187 showed decreased MR cell surface expression in comparison 

with untreated cells or cells treated with G100-DP187 (Figure 25), 

although not significant. M-CSF cells did not present any changes in 

MR expression after one-hour polymer treatment.  
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Figure 25. Cell surface markers expressions in macrophages are 
affected by polymer S100-DP187. Day 7 macrophages were incubated in the 
presence of polymers (48 μM) for 1 hour prior to anti-MR antibody labelling for 
1 hour and fluorescence was quantified by flow cytometry. MFI Kaluza scale: 
Legacy. N=3. 

 

 

 

 

Next, changes in surface markers during M1 activation in the 

presence of polymers were tested. IFN-γ was used to obtain M1 cells 

as follows; cells on day 6 were co-incubated with IFN-γ (20 ng/ml) 

and polymers for 24 hours, after this period, macrophages were 

harvested from the plates and labelled for cell markers, such as MR, 

HLA-DR and CD11b for 1 hour. Anti-MR antibody was labelled with 

Alexa Fluor 647 (Laser 642, emission filter 671/30), whilst anti-HLA-

DR and anti-CD11b antibodies were labelled with PerCP-Cy5.5 

(Laser 488, emission filter 710/45). Samples were labelled 

individually for each antibody and data was analysed by Kaluza 

software. It was observed in the analysis that isotype control 

samples for PerCP-Cy5.5 in the presence of S100-DP187 was 
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showing a higher fluorescence than isotype control samples for the 

untreated and G100-DP187 treated samples. This was interpreted 

as the Oregon Green labelled polymer S100-DP187 interfering in the 

channel used for PerCP-CY5.5 analysis. Thus, HLA-DR and CD11b 

MFI were affected by spillover from S100-DP187 fluorescence. The 

results changed dramatically in this scenario of 24 hours polymer 

incubation. A reduction in MR surface expression was detected both 

in M-CSF-treated, as well as in IFN-γ-treated macrophages (Figure 

26) when these cells were incubated in the presence of S100-DP187 

(48 μM). However, a significant reduction was only observed in IFN-

γ-treated cells incubated with S100-DP187 compared against IFN-

γ-treated cells treated with no polymer (p=0.0162) or against IFN-

γ-treated cells incubated with G100-DP187 (p=0.0229). 

Intriguingly, no reduction in MR expression was observed in the 

presence of IFN-γ which was unexpected. CD11b, another marker 

found in mature macrophages, showed to be less expressed in IFN-

γ-treated cells in the presence of S100-DP187 compared against 

IFN-γ -treated cells incubated with no polymer (Figure 26). IFN-γ 

upregulates HLA-DR, a MHCII cell surface receptor found in activated 

macrophages but in the presence of polymer S100-DP187, HLA-DR 

marker is not increased at the same rate as IFN-γ-treated cells in 

the presence of no polymer. This surface marker failed to be 

upregulated, suggesting that these cells could not be properly 

activated in the presence of S100-DP187 (Figure 26). Data for HLA-

DR and CD11b were not compensated and the graph shows the 

influence of S100-DP187 fluorescence spillover. 
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Figure 26. Cell surface markers expression in macrophages are affected 
by polymer S100-DP187. M-CSF-treated macrophages for 6 days were 
activated by IFN-γ (20 ng/ml) and co-incubated in the presence of S100-
DP187 and G100-DP187 (48 μM) for 24 hours. On the following day, cells 
were labelled with antibodies against MR, CD11b and HLA-DR, fixed, and 
labelling quantified by flow cytometry. Statistical analysis (ANOVA) of MR 
expression showed a reduction of MR in IFN-y treated macrophages incubated 
with S100-DP187 in comparison with untreated cells (p=0.0162). 
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4.4. IDO activity is affected by polymer S100-

DP240 

 

To further investigate the capacity of polymer S100-DP187 to 

modulate macrophage phenotype, it was necessary not only to 

analyse its ability to inhibit MR surface expression but also to 

quantify metabolic changes associated with MR activity. Dendritic 

cells, which express MR, play a key role in induction of Th2-mediated 

inflammation in allergic diseases (Kuipers and Lambrecht, 2004). 

Allergens bind to the C-type lectin like domain of MR and are able to 

affect dendritic cells ability to polarize T cells through indoleamine 

2,3-dioxygenase (IDO) activity (Royer et al., 2010). IDO is an 

enzyme present in many cell types, including macrophages, which 

participate in Tryptophan metabolism, by converting L-Tryptophan 

to N-formylkynurenine, which is further converted to L-kynurenine 

by the enzyme formamidase. Kynurenine production is associated 

with reduction in the activity of natural killer cells, dendritic cells and 

reduction in T cells proliferation. High levels of kynurenine can also 

increase the proliferation and migratory capacity of cancer cells, as 

well as help tumors escape the immune system (Cervenka et al., 

2017). Because of the importance of kynurenine in modulating the 

immune system and its connection with MR, it was decided to 

investigate its production and possible modulation by unlabelled 

polymer S100-DP240. IDO activity is induced by IFN-γ (Moffett and 

Namboodiri, 2003) and LPS (Salazar et al., 2016), whilst the 

polysaccharide mannan, which binds MR, decreases its induction. 

The chosen method to quantify tryptophan metabolytes was through 

the use of Ehrlich’s reagent, which contains 4-

(Dimethylamino)benzaldehyde that forms a coloured condensation 

product in contact with primary amines present in kynurenine.  

Monocyte-derived macrophages grown for 5 days on low-attachment 

plates were transferred to a polystyrene tissue culture plate and 
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cultured in the presence of M-CSF (50 ng/ml). On day 6, cells were 

treated with a combination of cytokines, lipopolysaccharide and 

glycopolymers and further incubated for 24 hours at 37 °C. On day 

7, supernatants were collected, proteins were removed from the 

media by Trichloroacetic acid. Kynurenine was detected in the media 

by Ehrlich solution and quantified at 492 nm. The combination of 

IFN-γ (20 ng/ml) and LPS (20 ng/ml) increased kynurenine 

synthesis significantly, more than the amount of the two individual 

treatments combined. Incubation with polymer S100-DP240 

reduced kynurenine production in a dose-dependent manner, whilst 

polymer G100-DP240 had no apparent effect (Figure 27).   

 
 
Figure 27. S100-DP240 reduces IDO activity in IFN-y/LPS treated 
macrophages. Day 6 macrophages on a polystyrene tissue culture plate were 
treated with IFN-γ (20 ng/ml), LPS (20 ng/ml) and different concentrations of 
glycopolymers (40, 80, 120, 240 μM) for 24 hours. On day 7, supernatant was 
collected and used for kynurenine condensation with Ehrlich’s reagent and 
quantified at 492 nm.  Data were normalized from 0 (lowest kynurenine 
concentration in each experiment) to 100 (highest kynurenine concentration in 
each experiment). N=2. For 40 µM of S100-DP240 and G100-DP240: N=3. 
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To ensure the reduction in kynurenine was not due to cell death, an 

alternative method using the low-attachment plate was used where 

the detached cells were analysed by flow cytometry whilst the 

supernatant was used for kynurenine quantification. In this method 

cells were stimulated directly in the low-attachment plate with IFN-

γ (20 ng/ml) and LPS (20 ng/ml) on day 6 and incubated at 37 °C 

for 24 hours. On day 7, supernatant was collected and centrifuged 

at 350 x g for 5 minutes in order to remove any floating cells. The 

supernatant was used for kynurenine quantification as described 

previously. The reduction in IDO activity was also observed in 

activated macrophages treated with S100-DP240 (Figure 28, Panel 

A). In parallel, cells were collected from the plate and used for 

staining with Zombie dye NIR for 30 minutes, which penetrate cells 

that possess damaged membranes (Figure 28, Panel B). Cells 

treated with detergent saponin 0.015% for 5 minutes were used as 

positive control for membrane damage. Results show that cells 

treated with S100-DP240 do not have higher fluorescence for 

Zombie dye NIR when analysed by flow cytometry, excluding the 

possibility of cell damage caused by polymer S100-DP240.   
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Figure 28. S100-DP240 effect in kynurenine production was not due to a 
decrease in cell viability. Panel A. Day 6 macrophages on low-attachment 
plates were treated with M-CSF only (50 ng/ml), IFN-γ (20 ng/ml), LPS (20 
ng/ml) and different polymer concentrations (40, 80, 120 μM) for 24 hours at 
37 °C. On day 7, supernatant was collected for kynurenine quantification. Data 
from experiments are normalized to a scale of 0 – 100. N=3. Panel B and C.  
Data from two independent assays showing cells incubated with Zombie dye 
NIR for 30 minutes, fixed, and quantified by flow cytometry. Positive control 
cells were treated with saponin (0.015%) for 5 minutes. Fluorescence is shown 
on Kaluza full scale.  

 

 
 

 

From the same group of cells, surface markers were also analysed. 

Macrophages were incubated with antibodies against MR (Alexa 

Fluor 647) and against HLA-DR (PerCP-Cy5.5) for 1 hour at 4 °C, 

fixed and analysed by flow cytometry (Astrios EQ). Due to great 

variation in MR MFI, data was reorganized such as that MFI from M-

CSF treated cells (untreated) were set to 100% and the MFI from M-

CSF cells treated with polymers (40, 120 μM) were recalculated in 

comparison with the first. In the case of cells treated with IFN-γ (20 

ng/ml) and LPS (20 ng/ml), macrophages treated with this 

combination (IFN-γ+ LPS) was set to 100% and the other conditions 

were recalculated accordingly. A trend showing a decrease in MR 

C 
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surface expression in IFN-γ (20 ng/ml) and LPS (20 ng/ml) treated 

macrophages incubated in the presence of polymer S100-DP240 

(40, 120 μM) corroborate the blocking capacity of this polymer 

(Figure 29, Panel A). Something that was also observed here is that 

MR expression in IFN-γ treated macrophages is higher than in cells 

treated with the combination of IFN-γ and LPS. This point to the 

possibility that MR is differentially regulated in IFN-γ- vs IFN-γ + 

LPS-treated cells even though both conditions are discussed in the 

literature as pro-inflammatory.  

For marker HLA-DR, the MFI values shown by Kaluza full scale was 

used to plot the graph. At 120 μM of S100-DP240, HLA-DR was 

significantly decreased (p=0.0112) in IFN-γ (20 ng/ml) + LPS (20 

ng/ml) treated cells (Figure 29, Panel B).  
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Figure 29. Polymer S100-DP240 inhibit HLA-DR expression in M1 
activated macrophages. Day 6 macrophages activated by IFN-γ + LPS for 
and co-incubated in the presence of S100-DP240 and G100-DP240 (40, 120 
μM) for 24 hours were labelled with antibodies against MR (Panel A) and HLA-
DR (Panel B) for 1 hour at 4 °C and quantified by flow cytometry.  
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4.5. Total MR and Endo180 expression after 

incubation with polymer S100-DP187 

 

The inhibition in cell surface markers by polymers S100-DP187 and 

S100-DP240 revealed its ability to affect MR presence on the surface 

but whether the receptor is being internalized for degradation or 

whether that affects the whole MR pool is unknown. To determine if 

total MR expression in macrophages was affected by polymer 

treatment, macrophages were incubated with M-CSF (50 ng/ml) and 

IL-4 (25 ng/ml) for 7 days and, by day 7, polymer S100-DP187 at 

48 μM, 96 μM or 192 μM for 2 hours, at 37 °C was added to the 

plate. Lysates from M-CSF and M-CSF + IL-4 macrophages were 

used in western blot and quantified. IL-4 clearly increased total MR 

expression in human macrophages. Treatment with polymer S100-

DP187 did not cause decreased total MR expression in IL-4 treated 

macrophages. In M-CSF cells from donor 2, MR expression from 

treatment S100-DP187 (192 μM) is decreased in comparison with 

the other lanes. However, because there was no loading control the 

analysis lacks accuracy.  

 

Figure 30. Analysis of total MR expression by human macrophages after 
treatment with polymers for 2 hours.  Macrophages were grown in the 
presence of M-CSF (50 ng/ml) and IL-4 (25 ng/ml) for 7 days and by day 7 
were incubated with polymer S100-DP187 (48, 96, 192 μM) for 2 hours at 37 
°C. Cells were lysed and processed for total MR detection. A purified mouse 
anti-human CD206 (MMR) antibody (dilution 1:1000) was used for detection 
of MR, after one-hour incubation, the secondary antibody IRDye 800CW Goat 
anti-Mouse (dilution 1:10000) was added and incubated for 1 hour. Each gel 
corresponds for a distinct cell donor.  
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To complement the previous experiment, an assay using 6 hours 

polymer incubation which also incorporated a loading control 

alongside Endo180 detection was performed. Macrophages 

incubated for 7 days with M-CSF (50 ng/ml) and IL-4 (25 ng/ml) 

and, on day 7, different concentrations of S100-DP187 were added 

to the plate for 6 hours, at 37 °C. Cells were lysed and protein was 

extracted for MR and Endo180 detection. For loading control, heat 

shock protein 60 (HSP60) was chosen. Mouse anti-MR antibody and 

anti-Endo180 were used as primary antibodies to detect MR and 

Endo180, respectively, and a rabbit monoclonal antibody was used 

to detect HSP60. For detection of the mouse and rabbit antibody the 

infrared dye IRDye 800CW Goat anti-Mouse and IRDye 680RD Goat 

anti-Rabbit antibodies, were used respectively. The intensity of the 

bands was quantified through Licor scanner Odyssey and plotted as 

the ratio of the intensity of the band of interest/intensity of HSP60 

protein band. The two proteins displayed different regulation, even 

though they are part of the same family. While incubation with IL-4 

for 7 days upregulates MR expression, it has an opposite effect 

downregulating Endo180. MR and Endo180 total expression did not 

show any degradation in the presence of increasing doses of S100-

DP187 (Figure 31).  
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Figure 31. MR and Endo180 possess opposite regulation in the presence 
of IL-4. Panel A. Day 7 M-CSF and M-CSF + IL-4 treated macrophages 
incubated with S100-DP187 (48, 96 or 192 μM) for 6 hours were lysed for MR, 
Endo180 and HSP60 detection through western blot. Panel B. Bands 
intensities were quantified using Licor and plotted as the ratio between 
MR/HSP60 and Endo180/HSP60. n=1. One membrane (10 µg of proteins) 
was used for MR detection:  purified mouse anti-human CD206 (MMR) 
antibody (dilution 1:1000) was used as primary antibody against MR and 
primary rabbit monoclonal antibody was used against HSP60 (dilution 
1:10000), after one hour incubation with the primary antibodies, the secondary 

B 

A 
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antibodies IRDye 800CW Goat anti-Mouse (dilution 1:10000) and IRDye 
680RD Goat anti-Rabbit (1:15000) were added and incubated for 1 hour. The 
other membrane (20 µg of proteins) was used for Endo180 detection:  Anti-
Endo180 antibody A5/158 [hybridoma] primary antibody (dilution 1:5) was 
used as primary antibody against Endo180 and primary rabbit monoclonal 
antibody was used against HSP60 (dilution 1:10000), after one hour 
incubation, the secondary antibodies IRDye 800CW Goat anti-Mouse (dilution 
1:10000) and IRDye 680RD Goat anti-Rabbit (1:15000) were added and 
incubated for 1 hour. 
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4.6. MR and Endo180 expression in M2 and M1 

macrophages  

 

MR is considered a macrophage polarization indicator. Classically, 

M1 macrophages are known to have downregulated MR while M2 

macrophages have upregulated MR. In a previous section, 

macrophages treated with IFN-γ showed that MR surface expression 

was not being downregulated. This contradicted the literature which 

shows IFN-γ to downregulate MR in mouse (Harris et al., 1992) and 

humans (Ambarus et al., 2012), although, the reduction in MR 

expression was only observed in human macrophages after 4 days 

of stimulation. To further explore this, day 5 monocyte-derived 

macrophages, incubated with M-CSF only, were transferred from 

low-attachment plates to a polystyrene plate and incubated with M-

CSF (50 ng/ml) overnight at 37 °C. On day 6, the cells were 

stimulated with different cytokines (M-CSF: 50 ng/ml, IL-4: 25 

ng/ml, IFN-γ: 20 ng/ml) and LPS (20 ng/ml) and incubated for 24 

hours. On the following day, supernatant was removed and cells 

were lysed for western blot. Only cells treated with a combination of 

IFN-γ and LPS showed downregulation in MR expression (Figure 32). 

Surprisingly, IFN-γ (20 ng/ml) treatment alone did not cause 

downregulation in MR, not even at the higher dose of 100 ng/ml. MR 

regulation in human monocyte-derived macrophages activated by 

IFN-γ (20 ng/ml) for 24 hours resembles that of IL-4 (25 ng/ml), an 

anti-inflammatory cytokine, rather than that obtained by the 

combination of IFN-γ and LPS. 
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Figure 32. IFN-γ alone does not promote downregulation of MR in human 
monocyte-derived macrophages after 24 hours treatment. Day 6 
macrophages treated with M-CSF (50 ng/ml), IL-4 (25 ng/ml), IFN-γ (20 ng/ml), 
IFN-γ (100 ng/ml),   IFN-γ (20 ng/ml) + LPS (20 ng/ml), IFN-γ (100 ng/ml) + 
LPS (100 ng/ml) and incubated for 24 hours at 37 °C. On the bottom right, the 
ratios of MR/HSP60 band intensities were plotted for 4 different donors: 
(concentrations: IL-4 (25 ng/ml), IFN-γ (20 ng/ml), IFN-γ (20 ng/ml) + LPS (20 
ng/ml)). 
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Endo180 expression on the other hand showed the same pattern of 

expression of MR when treated with IFN-γ and LPS or IFN-γ alone, 

being slightly downregulated in the presence of IFN-γ and LPS after 

24 hours and being slightly upregulated by IFN-γ alone. 

Downregulation of Endo180 when cells were treated with IL-4 (25 

ng/ml) for 24 hours only was also observed (Figure 33). 

 

 
 
Figure 33. Endo180 is downregulated by IL-4 and IFN-γ + LPS. Day 6 
macrophages treated with IL-4 (25 ng/ml), IFN-γ (20 ng/ml), IFN-γ (100 ng/ml), 
IFN-γ (20 ng/ml) + LPS (20 ng/ml), IFN-γ (100 ng/ml) + LPS (100 ng/ml) and 
incubated for 24 hours at 37 °C. On the bottom right, the ratios of 
Endo180/HSP60 band intensities were plotted for 4 different donors: 
(concentrations: IL-4 (25 ng/ml), IFN-γ (20 ng/ml), IFN-γ (20 ng/ml) + LPS (20 
ng/ml)). 
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4.7. Discussion 

 

MR is an important receptor in macrophages that is involved in 

collagen turnover (Martinez-Pomares et al., 2006b) and it was of 

interest to test if MR-modulators could affect this important process. 

The mechanism of collagen turnover consists of two mechanistically 

distinct collagen catabolic pathways: the first is an extracellular 

pathway, where membrane-bound and soluble proteases degrade 

collagen, and a second (endocytic) pathway, in which collagen is first 

internalized by cells and then degraded by lysosomal proteases 

(Madsen et al., 2007). This process is of particular interest during 

resolution of inflammation in which tissue remodelling occurs 

(Martinez-Pomares et al., 2006b) and also in malignant tumors, 

where extracellular matrix degradation allows for physical expansion 

and facilates tumor growth (Hynes, 2009). Previous work (Madsen 

et al., 2013) showed that collagen introduced into the dermis of mice 

underwent cellular endocytosis which was predominatly executed by 

a population of M2-like macrophages. Genetic ablation of MR and 

Endo180 in these mice impaired the intracellular collagen 

degradation pathway. MR also showed its contribution in collagen 

endocytosis by tumor associated macrophages (TAMs) associated 

with Lewis lung carcinoma (LLC) cells injected subcutaneously in 

mice (Madsen et al., 2017). Thus, finding a way to modulate 

macrophage collagen turnover could have its clinical application.   

The ability of S100-DP187 to modulate collagen uptake by human 

macrophages was investigated using different periods of time and 

under different concentrations. Gelatin uptake was increased by IL-

4 and could only be efficiently inhibited by polymer S100-DP187 

after 6-hour incubation. This led to the hypothesis that another 

receptor could possibly be mediating gelatin uptake in these cells. 

The presence of Endo180, another known collagen binding receptor, 

in monocyte-derived macrophage may explain the less efficient 
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gelatin inhibition by S100-DP187 in these cells compared to CHO-

MR cells or mouse macrophages which do not possess Endo180. MR 

surface expression was affected by polymer S100-DP187 and it was 

also affected by time of incubation. Longer periods (24h) of polymer 

incubation led to a significant decrease in MR expression in IFN-γ-

treated macrophages. The process also affected negatively other 

surface molecules in IFN-γ treated cells, such as HLA-DR, an MHC 

class II molecule involved in activation of T cells. Besides this, CD11b 

also had its expression affected in IFN-γ treated macrophages by 

S100-DP187. These results suggested that, maybe, these cells were 

not being properly activated by the cytokines and could have its 

metabolism affected by this polymer.  

Kynurenine pathway is a major route for tryptophan metabolism in 

mammals (Mándi and Vécsei, 2012). In the first step of the process 

tryptophan is converted to kynurenine in a reaction catalysed by 

indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-

dioxygenase (TDO). Kynurenine is then metabolized into other 

catabolites through the action of enzymes within the kynurenine 

pathway (Stone and Darlington, 2002). Kynurenine is converted by 

kynurenine 3-hydroxylase to 3-hydroxykynurenine (3-HK) (Stone, 

1993) which is further converted to quinolinic acid (QUIN), an 

agonist of the N-methyl-D-aspartate (NMDA) sensitive glutamate 

receptors (Stone and Perkins, 1981). Another arm of the kynurenine 

pathway leads to the production of kynurenic acid (KYNA), an 

antagonist of NMDA receptors (Swartz et al., 1990). IDO-mediated 

tryptophan catabolism appears to have a significant counter-

regulatory role in damping down the activation of the immune 

system (Mándi and Vécsei, 2012), more particularly in the 

suppression of T cells (Mellor and Munn, 2004). Another hypothesis 

is that tryptophan metabolism modifies the properties of antigen 

presenting cells (APCs) (Grohmann et al., 2003). Kynurenine 

pathway can serve as a negative feedback loop for Th1 cells, but 
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may play a distinct role in up-regulating Th2 immune responses, one 

example is the induction of apoptosis of Th1 cells by tryptophan 

catabolytes but the same effect is not observed in Th2 cells (Fallarino 

et al., 2002). IDO activation in dendritic cells (DCs) induces the 

generation of regulatory T cells (Puccetti and Grohmann, 2007), 

which may contribute to the negative feeback suppression of T cells 

responses. High levels of IDO will result in a decline of Th1 response, 

whilst an enhanced Th2 response is expected (Xu et al., 2008). IFN-

γ (Chon et al., 1996) and LPS (Fujigaki et al., 2006) induce IDO gene 

transcription. This led to the investigation of tryptophan metabolism 

in macrophages which is known to have its conversion into its 

metabolites accelerated by IFN-γ (Moffett and Namboodiri, 2003). 

In dendritic cells, allergic responses are known to be have the 

participation of MR and IDO (Royer et al., 2010). For these studies, 

the unlabelled polymer S100-DP240 was used to minimise 

interference with the assay. Macrophages incubated in the presence 

of S100-DP240 showed a decrease in kynurenine production and this 

happened independently of the type of culture plate they were 

seeded. This result complements the previous assay where cells 

treated with IFN-γ failed to upregulate HLA-DR in the presence of 

polymer S100-DP187, this reinforces the idea that these cells are 

not being properly activated by IFN-γ and may not function as 

expected. Cells used for the IDO activity assay also had its cells 

surface markers analysed. A decrease in HLA-DR surface marker was 

only detected at a higher polymer concentration (120 µM), but the 

inhibitory effect in MR surface expression was not significant. The 

inhibition in MR expression in section 4.4 (Figure 29) was not as 

efficient as the one observed in section 4.3 (Figure 26), even though 

the incubation time was 24 hours in both cases. This could be due 

to differences between the two assays or between the polymers. 

First, in section 4.3, the polymer used was S100-DP187 at 48 μM, 

whilst in section 4.4, polymer S100-DP240 was used instead at 40 
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μM. The second difference is that in section 4.4, cells that were used 

for flow cytometry were the same cells prepared for IDO assay, this 

means that these macrophages were incubated on day 6 not only 

with media and cytokines but also with 100 μM of L-Tryptophan 

diluted in HCl, for means of kynurenine production. This makes the 

comparison between the assays difficult and should not be treated 

as equivalent. With the decrease in MR surface expression it became 

necessary to confirm if the decrease also occurred at the total 

protein level. 

Incubation with polymer S100-DP187 did not lead to a decrease in 

total MR expression, in contrast to MR surface expression. The 

explanation for this could be that MR is being internalized and 

trapped in an endosome and not being degraded in the lysosomes 

at a higher rate. MR degradation in the lysosomes was not 

quantified, but if MR degradation occurred at a high rate in the 

presence of S100-DP187, synthesis of MR would be expected at a 

similar rate to compensate its loss. An important fact observed is 

that MR and Endo180, very similar proteins structurally, are 

differentially regulated by IL-4.  MR was upregulated while Endo180 

was downregulated by this cytokine. Regarding the influence of IFN-

γ, cell surface markers analysis showed that MR surface expression 

was high in cells incubated with IFN-γ alone. This contradicts the 

literature which says IFN-γ downregulates MR and that MR is a 

marker for macrophage polarization, where MR is upregulated in M2 

macrophages and downregulated in M1 macrophages. This led to 

further investigation of protein expression under different 

circumstances.   

High total MR expression was confirmed in macrophages treated 

with IFN-γ for 24 hours, in agreement with the cell surface labelling 

results. In mice it is accepted that MR is downregulated in cells 

treated with IFN-γ, so the differences found could be explained by 

inter-species variations. However, some papers claim that MR 
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activity is also downregulated in human macrophages under the 

influence of IFN-γ. By looking at the protocols of stimulation of these 

human macrophages by IFN-γ, one can find great diversity in 

procedures. In one case, macrophages were treated for 4 days under 

IFN-γ stimulation (Ambarus et al., 2012). Another one that analysed 

MR sugar uptake under stimulation by IFN-γ only noticed a reduction 

in sugar uptake after 48 hours of incubation with IFN-γ (Mokoena 

and Gordon, 1985).   

Still one question remained: If both types of polymers, S100-DP187 

and M100-DP187, bind to MR but only one of them is able to 

decrease MR surface expression and inhibit gelatin uptake, why only 

S100-DP187 has these special properties even when collagen 

binding to MR is independent of carbohydrates? Is the complex 

S100-DP187-MR being trapped inside the endosomes for longer?  
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Chapter 5 – MR co-localization 

 

MR mediates clathrin-dependent endocytosis of its ligands into 

endosomal compartments. In these compartments, ligands 

dissociate from the receptor and MR recycles back to the cell 

membrane (Gazi and Martinez-Pomares, 2009). At any given time, 

most of MR molecules are inside the cell, with recycling turnover 

typically occurring in matter of minutes. Changes in acidity 

contribute to ligand-receptor dissociation in the endosome (Tietze et 

al., 1982). Previous tests in our lab showed that a change of pH from 

7.5 to 6 did not affect binding of sulfated polymer to the CR domain 

of MR (Mastrotto et al., manuscript in preparation), suggesting that 

endosomal acidity does not affect dissociation of sulfated polymer-

receptor complex in the endosome. It was shown previously that 

sulfated multivalent ligands S100-DP187 and S100-DP240 

significantly decreased the cell surface amount of MR compared to 

untreated macrophages, whilst there was minimum MR degradation. 

These results reinforce the original hypothesis that blocking of MR-

mediated endocytosis was due to trapping of the receptor into stable 

ligand-receptor complexes from which the latter could no longer 

dissociate. In MR+CHO cells, confocal microscopy showed that these 

complexes were not localized at the cell membrane but rather 

spatially confined within recycling endosomal compartments. To 

investigate if polymer-receptor complexes were found in endosomal 

compartments of human macrophages treated with polymer S100-

DP240, it was necessary to examine if in these cells MR was indeed 

internalized to endosomes where it would co-localize with the 

endosomic marker EEA1 (Early endosome antigen 1) and how this 

co-localisation was affected by treatment with the S100-DP240 

polymer. The increased co-localization between MR and EEA1 in the 

S100-DP240 treated cells would corroborate the hypothesis of 
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polymer trapping in the endosome of human cells. Receptor 

degradation in the lysosomes would be detected by co-localization 

between MR and the Lysosomal-associated membrane protein 1 

(LAMP1). Thus, the goals for the chapters are: 

I. To detect MR, EEA1 and LAMP1 in monocyte-derived 

macrophages.  

II. To investigate differences in co-localization of MR and EEA1 in 

human macrophages in the presence and absence of S100-

DP240 polymers.  

In parallel attempts were made to study the localisation of Endo180 

in relation to MR in human macrophages  
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5.1. Detection of MR and Endo180 by 

Immunofluorescence 

 

The first step in the optimization of the immunolabeling procedure 

was to detect MR and Endo180 by immunofluorescence (IF) 

microscopy in preparations of human macrophages. Before 

harvesting the cells from the low-attachment plates, glass coverslips 

(12 mm) were treated with 1 M HCl for 1 hour to increase cell 

adherence. Coverslips were then washed several times with media 

with phenol red, until the media did not change colour. The coverlips 

were then washed twice with sterile distilled water and left to dry. 

Coverslips were then sterilized for 15 min under UV light and 

transferred to the bottom of a new 24-well plate. On day 6, cells 

were harvested from the low-attachment plates by placing them on 

ice for 20 min and then transferring the content to 15 ml tubes. Cells 

were centrifuged at 350 x g, 4 °C, for 5 min. Supernatant was 

poured off and the pellet was resuspended in 5 ml of X-Vivo 15 for 

each tube and centrifuged at 350 x g, 4 °C, for 5 min. Supernatant 

was poured off and cells were resuspended in 1 ml X-Vivo 15 and 

counted. A total of 250,000 cells were placed on each well in the 

presence of 350 μl media with no phenol red and containing 

cytokines. Two populations of macrophages were tested, 

macrophages generated in the presence of M-CSF (50 ng/ml, M0) 

and macrophages generated in the presence of M-CSF and IL-4 (50 

ng/ml and 25 ng/ml, respectively, M2). Cells were left overnight to 

attach to the coverslips at 37 °C. The media was then removed and 

wells were washed twice with 500 μl of PBS (with CaCl2 and MgCl2). 

The cells were then fixed by adding 250 μl of 4% paraformaldehyde 

in PBS for 20 min while on ice. Wells were rinsed with 500 μl of PBS 

(with CaCl2 and MgCl2), followed by two 5 min washes with 500 μl 

of PBS (with CaCl2 and MgCl2) at RT. This is the standard washing 
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step for the immunofluorescence assay. Cells were permeabilized 

with 250 μl of 0.2 % Tween-20 in PBS for 30 min. Tween-20 solution 

was removed from the wells and washed according to the standard 

washing step. To block nonspecific binding of antibodies, the cells 

were incubated for 1 h with 250 μl of blocking buffer (5% filtered 

donkey serum in PBS) at RT. The blocking buffer was removed and 

200 μl of primary antibodies were added to respective wells. Purified 

anti-human Anti-Endo180 antibody (Mouse) (hybridoma dilution 

1:5), Anti-MR antibody (Rabbit) (1 μg/ml), all diluted in blocking 

buffer. Samples were incubated at RT for 1 hour. Wells were washed 

according to the standard washing step and then incubated with 250 

μl of secondary antibodies – Anti-mouse Alexa Fluor 488 and Anti-

rabbit Alexa Fluor 647 (10 μg/ml) diluted in blocking buffer for 1 

hour. Wells were washed again according to standard washing step. 

To stain the nucleus 250 μl of DAPI were added per well at 1 μg/ml 

in PBS for 5 minutes at RT. Wells were washed according to standard 

washing step. The coverslips were then removed from the wells and 

left to dry for a few seconds and then placed on glass slides with 3 

μl of Vectashield mounting medium. Coverslips were then sealed 

with nail polish and left overnight to dry. Slides were then analysed 

and scanned by confocal Zeiss LSM 880C on the following day. 

Conditions in the microscope (lens 60x oil microscope, Speed: 7, 

Averaging: 2, Bit depth: 16-bit, pinhole: 1AU, laser power, channel 

gain) were set up by technical assistance and maintained for all the 

pictures. The images were processed using Volocity software from 

an average of 25 scanned Z-stack sections of the cells, the channels 

were split and a montage was made with the different channels 

(DAPI, green channel, red channel).  

In this initial trial it was possible to detect Endo180 expression in 

human macrophages through IF. Endo180 distribution in the cell 

changed according to the type of macrophage, whilst M-CSF treated 

macrophages displayed a more dispersed distribution of Endo180, 
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the protein was found more concentrated around the nucleus in IL-

4 treated cells. The change in distribution is possibly due to 

differences in the shape of the cells. On the other hand, MR was not 

detected in this initial trial (Figure 34).  

 

 
Figure 34. Detection of Endo180 and MR in human macrophages by 
immunofluorescence. Coverslips were prepared with M-CSF and M-
CSF+IL-4-treated macrophages.  Cells were fixed with 4% paraformaldehyde 
for 20 minutes and permeabilized with 0.2 % Tween-20 in PBS for 30 min. To 
avoid binding to nonspecific antigens, macrophages were incubated for 1 h 
with 5% filtered donkey serum in PBS at RT. For Endo180 detection, an anti-
Endo180 antibody (Mouse) (hybridoma dilution 1:5) was used, whilst an anti-
MR antibody (Rabbit) (1 μg/ml) was used for MR detection, all diluted in 
blocking buffer containing 5% donkey serum and incubated for 1 h. For 
detection secondary antibodies, anti-mouse Alexa Fluor 488 and Anti-rabbit 
Alexa Fluor 647 (10 μg/ml) diluted in blocking buffer were added at RT for 1 
hour.  To stain the nucleus 250 μl of DAPI were added per well at 1 μg/ml in 
PBS for 5 minutes at RT. Vectashield mounting medium was placed in the 
centre of the coverslips and then sealed with nail polish and left overnight to 
set. Upper image represents M-CSF only treated macrophages, whilst bottom 
image represents M-CSF + IL-4 treated macrophages. Slides were analysed 
by Zeiss LSM 880C microscope. 
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5.2. Antibody optimization for IF 

 

Due to the inability to detect MR, IF protocol went through 

modifications in order to improve fluorescence brightness whilst at 

the same time minimizing nonspecific binding. To achieve this 

control coverslips were prepared. M-CSF treated macrophages on 

coverslips were incubated with one primary antibody followed by 

incubation with the two secondary antibodies or coverslips were 

incubated only with the secondary antibodies as follows:   

 

I – Anti-MR antibody (rabbit) (1 µg/ml) + secondary Anti-mouse 

Alexa Fluor 488 (14 μg/ml) and Anti-rabbit Alexa Fluor 647 (15 

μg/ml) antibodies. 

II - Anti-Endo180 antibody from hybridoma (mouse) (dilution 1:5) 

+ secondary Anti-mouse Alexa Fluor 488 (14 μg/ml) and Anti-rabbit 

Alexa Fluor 647 (15 μg/ml) antibodies. 

III – Secondary anti-rabbit Alexa Fluor 647 (15 μg/ml) antibody. 

IV – Secondary anti-mouse Alexa Fluor 488 (14 μg/ml) antibody. 

 

Incubation time for the primary antibody incubation was increased 

to 90 min, secondary antibody concentration was also increased and 

mounting media was changed from Vectashield to Ibidi mounting 

media. MR labelled with Alexa fluor 647 was detected in human 

macrophages (Figure 35, panel I) however, nonspecific fluorescence 

from the green (Alexa fluor 488) channel was also observed (Figure 

35, panel I). Endo180 detection (Figure, panel II) was not much 

stronger than the control slide incubated with secondary antibody 

Alexa fluor 488 alone (Figure 35, panel IV), indicating staining did 

not work properly. Fluorescence from the slide incubated with 

secondary antibody Alexa fluor 647 alone showed an apparent weak 

signal (Figure 35, panel III) but it could be because the image looks 
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overexposed. Slide incubated with secondary antibody Alexa Fluor 

488 only also looked overexposed. Coverslips were analysed and 

images were captured by Zeiss 200 M microscope with the help of 

technical assistance, which kept the same conditions when analysing 

similar fluorescence staining. The channels from the images were 

split on Fiji software and a montage was made with the different 

channels (DAPI, green channel, red channel).  

This step showed that cell’s fluorescence was not properly adjusted 

and further optimization in the protocol was performed.  
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Figure 35. Detection of Endo180 and MR in human macrophages by 
immunofluorescence. Coverslips were prepared with M-CSF macrophages. 
Cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 
0.2 % Tween-20 in PBS for 30 min. To avoid binding to nonspecific antigens, 
macrophages were incubated for 1 hour with 5% filtered donkey serum in PBS 
at RT. For Endo180 detection, an anti-Endo180 antibody (Mouse) (hybridoma 
dilution 1:5) was used, whilst an anti-Mannose receptor antibody (Rabbit) (1 
μg/ml) was used for MR detection, all diluted in blocking buffer and incubated 
for 90 min. For detection secondary antibodies, anti-mouse Alexa Fluor 488 
(14 μg/ml) and Anti-rabbit Alexa Fluor 647 (15 μg/ml) diluted in blocking buffer 
were added at RT for 1 h. To stain the nucleus 250 μl of DAPI were added per 
well at 1 μg/ml in PBS for 5 minutes at RT. Ibidi mounting medium was placed 
in the centre of the coverslips and then sealed with nail polish and left 
overnight to set. Slides were analysed using a Zeiss 200 M microscope. Slides 
treated with: Panel I. Anti-MR antibody (rabbit) + secondary anti-mouse Alexa 
Fluor 488 and anti-rabbit Alexa Fluor 647 antibodies. Panel II. Anti-Endo180 
antibody from hybridoma (mouse) + secondary Anti-mouse Alexa Fluor 48 and 
Anti-rabbit Alexa Fluor 647 antibodies. Panel III. Secondary anti-rabbit Alexa 
Fluor 647 antibody. Panel IV. Secondary anti-mouse Alexa Fluor 488 antibody. 
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In a second step of optimization two new antibody were added to 

the process: anti-EEA1 and mouse anti-MR. In this step the goal was 

to optimize the detection of the new marker whilst improving 

fluorescence from the previous markers in M-CSF-treated 

macrophages. The reason of choosing fluorescence microscope at 

this stage was cost effectiveness compared to confocal microscope. 

The method of cell permeabilization changed to (0.15%) Triton-

X100, which has been used in the laboratory in the past, for 30 min. 

Primary antibody incubation increased to 2 h. Secondary antibody 

concentration was slightly reduced. Hence, the following 

combinations of labellings below were performed: 

I. Anti-MR antibody (mouse, 10 µg/ml) + anti-EEA1 (rabbit, 

1:100 dilution) + secondary anti-mouse Alexa Fluor 488 (10 

μg/ml) and Anti-rabbit Alexa Fluor 647 (10 μg/ml) antibodies.  

II. Anti-EEA1 antibody (rabbit, 1 µg/ml) + secondary Anti-mouse 

Alexa Fluor 488 (10 μg/ml) and Anti-rabbit Alexa Fluor 647 

(10 μg/ml) antibodies.  

III. Anti-MR antibody (mouse, 10 µg/ml) + secondary Alexa Fluor 

488 (10 μg/ml) and Anti-rabbit Alexa Fluor 647 (10 μg/ml) 

antibodies.  

IV. Anti-MR antibody (rabbit, 1 µg/ml) + anti-Endo180 (mouse, 

1:2 dilution) antibody + secondary Anti-mouse Alexa Fluor 

488 (10 μg/ml) and Anti-rabbit Alexa Fluor 647 (10 μg/ml) 

antibodies.  

V. Anti-Endo180 (mouse, 1:2 dilution of hybridoma supernatant) 

antibody + secondary Anti-mouse Alexa Fluor 488 (10 μg/ml) 

and Anti-rabbit Alexa Fluor 647 (10 μg/ml) antibodies. 

VI. Anti-MR antibody (rabbit, 1 µg/ml) + secondary Anti-mouse 

Alexa Fluor 488 (10 μg/ml) and Anti-rabbit Alexa Fluor 647 

(10 μg/ml) antibodies. 
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VII. Secondary Anti-mouse Alexa Fluor 488 (AF 488, 10 μg/ml). 

VIII. Secondary Anti-rabbit Alexa Fluor 647 (AF 647, 10 μg/ml). 

MR, Endo180, EEA1 were detected and showed higher fluorescence 

than the negative controls. EEA1 + MR (Figure 36, panel I) double 

labelling coverslips showed higher fluorescence than single labelling 

slides for MR (mouse), EEA1. Coverslips were analysed using a Zeiss 

Exciter widefield fluorescence microscope.  
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Figure 36. Optimization process for MR, Endo180 and EEA1 detection by 
immunofluorescence. Coverslips were prepared with M-CSF macrophages.  
Cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 
0.15% Triton-X100 in PBS for 30 min. To avoid binding to nonspecific 
antigens, macrophages were incubated for 1 h with 5% filtered donkey serum 
in PBS at RT. For Endo180 detection, an anti-Endo180 antibody (Mouse, 
hybridoma dilution 1:2) was used, whilst two anti-MR antibody (Rabbit, 1 
μg/ml) and anti-MR antibody (mouse, 10 µg/ml) was used for MR detection. 
For EEA1, anti-EEA1 (rabbit, 1:100 dilution) was used.   All antibodies were 
diluted in blocking buffer containing 5% donkey serum and incubated for 2 h. 
For secondary antibodies, anti-mouse Alexa Fluor 488 (10 μg/ml) and Anti-
rabbit Alexa Fluor 647 (10 μg/ml) diluted in blocking buffer were added at RT 
for 1 h. To stain the nucleus 250 μl of DAPI were added per well at 1 μg/ml in 
PBS for 5 minutes at RT. Ibidi mounting medium was placed in the centre of 
the coverslips and then sealed with nail polish and left overnight to set. Slides 
were analysed by Zeiss Exciter widefield fluorescence microscope. Slides 
were incubated with the following conditions: Panel I. Anti-MR antibody 
(mouse) + anti-EEA1 (rabbit) + secondary anti-mouse Alexa Fluor 488 and 
Anti-rabbit Alexa Fluor 647 antibodies. Panel II. Anti-EEA1 antibody (rabbit) + 
secondary anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 647 
antibodies. Panel III. Anti-MR antibody (mouse) + secondary anti-mouse 
Alexa Fluor 488 and anti-rabbit Alexa Fluor 647 antibodies. Panel IV. Anti-MR 
antibody (rabbit) + anti-Endo180 (mouse) antibody + secondary anti-mouse 
Alexa Fluor 488 and anti-rabbit Alexa Fluor 647 antibodies. Panel V. Anti-
Endo180 (mouse) antibody + secondary anti-mouse Alexa Fluor 488 and anti-
rabbit Alexa Fluor 647 antibodies. Panel VI. Anti-MR antibody (rabbit) + 
secondary anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 647 
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antibodies. Panel VII. Secondary anti-mouse Alexa Fluor 488. Panel VIII. 
Secondary anti-rabbit Alexa Fluor 647.  

 

Data showed specific labelling for MR (both using the mouse and 

rabbit antibodies) and EE1. No specific labelling for Endo180 could 

be observed.  
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5.2. MR colocalization to EEA1 and LAMP1 

 

 

Although MR and EE1 were detected by fluorescent microscopy 

previously, there was a need to improve brightness, thus, primary 

antibody incubation was increased to overnight incubation at 4 °C. 

Secondary antibody incubation was maintained at the same amount 

of time, but concentration was slightly decreased in order to further 

reduce nonspecific fluorescence.   

For co-localization analysis, several coefficients are used to 

determine how much one single marker colocalizes with a second 

marker. Co-localization can be observed with the help of confocal 

microscopes. When two or more antigens are detected 

immunohistochemically in the same location within a section, they 

are said to be colocalized. Co-localization is established when 

correspondent antibodies with different excitation spectra when 

staining of antigens visualized in different colours overlap (Zinchuk 

et al., 2007). Colocalization refers to  the existence of the signal at 

the same pixel location when examining multi-channel fluorescence 

microscopy images (Zinchuk et al., 2007). It is presented by three 

images consisting of fluorescence for red and green channels, as well 

as a third merged image where the channels are combined and 

overlapping pixels turn yellow when they have the same intensity. 

It is crucial that the analysis includes exclusively antigens of interest 

and excludes any nonspecific events generated by background and 

noise. The analysis is performed by computer software such as Fiji. 

The software estimates the degree of colocalization according to 

specialized algorithms within the selected region of interest (ROI). 

The analysis is based on evaluation of colour components of the 

selected pair of channels. Pearson correlation coefficient (PCC) is 

used to describe the correlation of the intensity distributions 

between channels and it takes into account the similarities between 
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signal shapes (Figure 37). The coefficient values range between -1 

and 1, when the value is 0 it indicates no significant correlation, 

whilst 1 indicates perfect correlation and -1 indicates complete 

negative correlation.  

 

Figure 37. Pearson’s correlation coefficient formula. Ri and Gi refer to the 
intensity values of the red and green channels, respectively, of pixel i, R̄ and 
Ḡ refer to the mean intensities of the red and green channels, respectively, 
across the entire image. (Dunn et al., 2011). 

 

It is expected that signal in each image needs to be sufficient to 

distinguish from noise and background, uncontaminated by 

autofluorescence and free of signal bleed-through between the two 

images (Dunn et al., 2011).  

Co-localization can be thought of as consisting of two components: 

co-occurrence, the simple spatial overlap of two probes, and 

correlation, in which two probes not only overlap with one another 

but co-distribute in proportion to one another within and between 

structures (Dunn et al., 2011). Co-localization may be visually 

apparent only under very specific labelling conditions, when the 

fluorescence of the two probes occurs in a fixed and nearly equal 

proportion. In general, the most reliable method for visually 

comparing the relative distribution of two probes is a side-by-side 

comparison of the two images. 

As mentioned above the same set of conditions discussed in the last 

section was repeated in this section, with the difference that the 

secondary antibodies were reduced to 8 µg/ml and the primary 

antibody incubation was increased to overnight (4 °C). In order to 

compare the effect of polymer S100-DP240 in colocalization of MR 

and EEA1, macrophages were incubated with S100-DP240 polymer 

(80 µM) for 4 hours at 37 °C. A new control coverslip including MR 
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(rabbit) vs MR (mouse) was prepared in order to verify the degree 

of co-localization of the two antibodies.  

Overall the pictures looked suitable for colocalization analysis. Single 

labelling coverslips of EEA1, MR (mouse) and MR (rabbit) antibodies 

showed minimum amount of nonspecific fluorescence and coverslips 

incubated with secondary antibodies only showed low fluorescence 

(Figure 38, Panel F), as expected. For each condition, images below 

represent different fields from the same slide. 
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Figure 38. Colocalization of MR vs EEA1 and MR vs MR by confocal 
microscopy. Coverslips were prepared with M-CSF macrophages. One set 
of samples was treated with 80 µM of S100-DP240 for 4 h at 37 °C.  Cells 
were fixed with 4% paraformaldehyde for 20 min and permeabilized with 
0.15% Triton-X 100 in PBS for 30 min. To avoid binding to nonspecific 
antigens, macrophages were incubated for 1 h with 5% filtered donkey serum 
in PBS at RT. For Endo180 detection, an anti-Endo180 antibody (Mouse, 
hybridoma dilution 1:5) was used, whilst an anti-MR antibody (Rabbit, 1 μg/ml) 
and anti-MR antibody (mouse, 10 µg/ml) was used for MR detection. For 
EEA1, anti-EEA1 (rabbit, 1:50 dilution), was used respectively, all diluted in 
blocking buffer containing 5% donkey serum and incubated overnight at 4 °C. 
For secondary antibodies, anti-mouse Alexa Fluor 488 (8 μg/ml) and Anti-
rabbit Alexa Fluor 647 (8 μg/ml) diluted in blocking buffer were added at RT 
for 1 h. To stain the nucleus 250 μl of DAPI were added per well at 1 μg/ml in 
PBS for 5 minutes at RT. Ibidi mounting medium was placed in the centre of 
the coverslips and then sealed with nail polish and left overnight to dry. Slides 
were visualised using a Zeiss LSM 880C confocal microscope. Panel A.  
Double labelled slide for MR (mouse) and EEA1 (rabbit) plus two secondary 
antibodies (AF488, AF647). Panel B. Cells treated with 80 µM of S100-DP240 
for 4 hours and double labelled with MR (mouse) and EEA1 (rabbit) plus two 
secondary antibodies (AF488, AF647) and. Panel C.  Double labelled slide 
with MR (rabbit) and MR (mouse) plus two secondary antibodies (AF488, 
AF647). Panel D. Single labelling of primary antibodies MR (mouse), EEA1 
(mouse), MR (rabbit) plus secondary antibodies AF488 and AF647. Panel E. 
Cells incubated with one secondary antibody.  

E 
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5.2.2. Analysis of colocalization of MR vs EEA1 and MR vs 
MR 

 

Confocal images were opened in Fiji software, converted to a Z 

projection and the background was subtracted from the images. The 

three channels (DAPI, green and red) were split from the original file 

and a region of interest (ROI) was selected around the cell before 

running the analysis tool coloc 2, which compares the degree of co-

localization between the green and red channel. For all the examples 

tested, the results from the software analysis showed a warning 

message that the automatic threshold calculated by the software 

was higher than the channel’s mean, this way affecting coefficients 

like Mander’s and in a minor proportion the Pearson correlation 

coefficient (PCC), thus Mander’s coefficient was discarded. For the 

examples of MR vs EEA1 colocalization analysis, PCC from four 

selected cells of the same donor (n=1) showed (Figures 41, 42, 43, 

44) values of 0.15, 0.10, 0.12, 0.24, in a scale of 0 (no significant 

correlation) and 1 (perfect correlation) between the two markers, 

indicating a low correlation between the channels. Observation of 

the image using a 3D Volocity software tool showed the presence of 

MR and, to a lesser degree EEA1, in the nucleus (Figure 39). The 

presence is confirmed when each layer of the confocal image is 

analysed (Figure 40) individually and was also observed in other 

cells. This affected the manner in which line intensity profile areas 

were chosen, in other words, the nucleus was avoided when drawing 

the line for intensity profiles. The profiles in these examples reinforce 

the low correlation found between these two markers. For the 

examples of MR vs EEA1 colocalization in macrophages treated with 

80 µM of S100-DP240, PCC from four selected cells of the same 

donor (n=1) showed (Figures 45, 46, 47, 48) values of 0.18, 0.10, 

0.14, 0.05, indicating again a low correlation between channels. Line 

intensity profiles reinforce the low correlation between markers. In 
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both treatments, some pockets of correlation are observed in the 

line intensity profiles, however, one cannot infer significant 

differences between the two types of treatment.  

In the positive control example of MR-mouse (AF488) vs MR-rabbit 

(AF647), the resulting PCC was of 0.51 (Figure 50) and 0.56 (Figure 

51), a moderate coefficient for two antibodies that should be 

targeting the same receptor. However, the line intensity profile 

showed a higher correlation between the two lines and the analysis 

of the two channels side by side showed that the two images are 

very similar. In these cells, the line was drawn over the nucleus 

region but did not affect the correlation between the lines. The 

yellowish aspect of overlapped channels indicates a good degree of 

colocalization. MR (green) and MR (red) was also observed in the 

nucleus (Figures 50 and 51), confirming previous observation.



 

141 

 

 

 

 
Figure 39. MR and EEA1 localization in the cell nucleus. Volocity software 
3D image showing MR and EEA1 localization in the cell nucleus. Image is 
stained for MR-mouse (green) and EEA1-rabbit (red). Black level 
(transparency) in the blue channel varies from 0% to 10 %. Top panel. MR 
and EEA1 channels. Middle panel.  MR channel. Bottom panel. EEA1 
channel. Original images were adjusted to +20% brightness and +25% 
sharpen for display purposes. 

0% 10% 

0% 10% 

0% 10% 



 

142 

 

 

 

Figure 40. Image showing confocal layers from a cell stained with MR 
(green), EEA1 (red), DNA (blue). Areas where MR and EEA1 are found in 
the nucleus are shown by white arrows. Top pannel.  MR channel. Bottom 
panel. EEA1 channel. 
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Figure 41. Example 1: Colocalization analysis and line intensity profiles of MR (green) vs EEA1 (red) in human macrophages. 
Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted to a Z projection and undergo background 
subtraction. The channels are split and a region of interest (ROI) is drawn in order to select the area for software analysis. Pearson’s 
R value of 0.15 is given as a result of pixel colocalization between the green and red channel of the selected region. A 2 D histogram 
for the two channels is shown at the bottom (I). Line intensity profiles for different locations of the Z projections are shown on the side 
(II and III). Images on the left were adjusted to +40% brightness and images on the right panel were adjusted to -40% contrast and 
+40% brightness only for display purposes.  
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Figure 42. Example 2: Colocalization analysis and line intensity profiles of MR (green) vs EEA1 (red) in human macrophages. 
Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted to a Z projection and undergo background 
subtraction. The channels are split and a region of interest (ROI) is drawn in order to select the area for software analysis. Pearson’s 
R value of 0.10 is given as a result of pixel colocalization between the green and red channel of the selected region. A 2 D histogram 
for the two channels is shown at the bottom (I). Line intensity profiles for different locations of the Z projections are shown on the side 
(II and III). Images on the left were adjusted to +40% brightness and images on the right panel were adjusted to -40% contrast and 
+40% brightness only for display purposes.

II 

I 

III 



 

145 

 

 
Figure 43. Example 3: Colocalization analysis and line intensity profiles of MR (green) vs EEA1 (red) in human macrophages. 
Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted to a Z projection and undergo background 
subtraction. The channels are split and a region of interest (ROI) is drawn in order to select the area for software analysis. Pearson’s 
R value of 0.12 is given as a result of pixel colocalization between the green and red channel of the selected region. A 2 D histogram 
for the two channels is shown at the bottom (I). Line intensity profiles for different locations of the Z projections are shown on the side 
(II and III). Images on the left were adjusted to +40% brightness and images on the right panel were adjusted to -40% contrast and 
+40% brightness only for display purposes.
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Figure 44. Example 4: Colocalization analysis and line intensity profiles of MR (green) vs EEA1 (red) in human macrophages. 
Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted to a Z projection and undergo background 
subtraction. The channels are split and a region of interest (ROI) is drawn in order to select the area for software analysis. Pearson’s 
R value of 0.24 is given as a result of pixel colocalization between the green and red channel of the selected region. A 2 D histogram 
for the two channels is shown at the bottom (I). Line intensity profiles for different locations of the Z projections are shown on the side 
(II and III). Images on the left were adjusted to +40% brightness and images on the right panel were adjusted to -40% contrast and 
+40% brightness only for display purposes.
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Figure 45. Example 1: Colocalization analysis and line intensity profiles of MR (green) vs EEA1 (red) in human macrophages 
treated with S100-DP240 for 4 hours. Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted 
to a Z projection and undergo background subtraction. The channels are split and a region of interest (ROI) is drawn in order to select 
the area for software analysis. Pearson’s R value of 0.18 is given as a result of pixel colocalization between the green and red channel 
of the selected region. A 2 D histogram for the two channels is shown at the bottom (I). Line intensity profiles for different locations 
of the Z projections are shown on the side (II and III). Images on the left were adjusted to +40% brightness and images on the right 
panel were adjusted to -40% contrast and +40% brightness only for display purposes.
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Figure 46. Example 2: Colocalization analysis and line intensity profiles of MR (green) vs EEA1 (red) in human macrophages 
treated with S100-DP240 for 4 hours. Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted 
to a Z projection and undergo background subtraction. The channels are split and a region of interest (ROI) is drawn in order to select 
the area for software analysis. Pearson’s R value of 0.10 is given as a result of pixel colocalization between the green and red channel 
of the selected region. A 2 D histogram for the two channels is shown at the bottom (I). Line intensity profiles for different locations 
of the Z projections are shown on the side (II and III). Images on the left were adjusted to +40% brightness and images on the right 
panel were adjusted to -40% contrast and +40% brightness only for display purposes.
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Figure 47. Example 3: Colocalization analysis and line intensity profiles of MR (green) vs EEA1 (red) in human macrophages 
treated with S100-DP240 for 4 hours. Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted 
to a Z projection and undergo background subtraction. The channels are split and a region of interest (ROI) is drawn in order to select 
the area for software analysis. Pearson’s R value of 0.14 is given as a result of pixel colocalization between the green and red channel 
of the selected region. A 2 D histogram for the two channels is shown at the bottom (I). Line intensity profiles for different locations 
of the Z projections are shown on the side (II and III). Images on the left were adjusted to +40% brightness and images on the right 
panel were adjusted to -40% contrast and +40% brightness only for display purposes.
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Figure 48. Example 4: Colocalization analysis and line intensity profiles of MR (green) vs EEA1 (red) in human macrophages 
treated with S100-DP240 for 4 hours. Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted 
to a Z projection and undergo background subtraction. The channels are split and a region of interest (ROI) is drawn in order to select 
the area for software analysis. Pearson’s R value of 0.05 is given as a result of pixel colocalization between the green and red channel 
of the selected region. A 2 D histogram for the two channels is shown at the bottom (I). Line intensity profiles for different locations 
of the Z projections are shown on the side (II and III). Images on the left were adjusted to +40% brightness and images on the right 
panel were adjusted to -40% contrast and +40% brightness only for display purposes.
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Figure 49. PCC values for MR vs EEA1 in untreated and in polymer 
S100-DP240 treated macrophages. PCC values were calculated by coloc 2 
in Fiji software for selected cells. Each dot represents the PCC value of a 
selected cell from the same donor (n=1). 
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Figure 50. Example 1. Colocalization analysis and line intensity profiles of MR (green) vs MR (red) in human macrophages. 
Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted to a Z projection and undergo background 
subtraction. The channels are split and a region of interest (ROI) is drawn in order to select the area for software analysis. Pearson’s 
R value of 0.51 is given as a result of pixel colocalization between the green and red channel of the selected region. A 2 D histogram 
for the two channels is shown at the bottom (I). Line intensity profiles for different locations of the Z projections are shown on the side 
(II and III). Images on the left were adjusted to +40% brightness and images on the right panel were adjusted to -40% contrast and 
+40% brightness only for display purposes.
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Figure 51. Example 2. Colocalization analysis and line intensity profiles of MR (green) vs MR (red) in human macrophages. 
Before running colocalization analysis (coloc 2) in Fiji software, confocal image is converted to a Z projection and undergo background 
subtraction. The channels are split and a region of interest (ROI) is drawn in order to select the area for software analysis. Pearson’s 
R value of 0.56 is given as a result of pixel colocalization between the green and red channel of the selected region. A 2 D histogram 
for the two channels is shown at the bottom (I). Line intensity profiles for different locations of the Z projections are shown on the side 
(II and III). Images on the left were adjusted to +40% brightness and images on the right panel were adjusted to -40% contrast and 
+40% brightness only for display purposes.
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Figure 52. MR localization in the cell nucleus. Volocity software 3D image 
showing MR localization in the cell nucleus. Image is stained for MR-mouse 
(green) and MR-rabbit (red). Black level (transparency) in the blue channel 
varies from 0% to 10 %. Top panel. MR (mouse) and MR (rabbit) channels. 
Middle panel.  MR channel (mouse). Bottom panel. MR channel (rabbit). 
Original images were adjusted to +20% brightness and +25% sharpen for 
display purposes. 
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Figure 53. Image showing confocal layers from a cell stained with MR 
(mouse-green), MR (rabbit-red), DNA (blue). Areas where MR (mouse) 
and MR (rabbit) are found in the nucleus. 

 

 
 



 

156 

 

 

5.3. Discussion 

 

From the previous work with MR+-CHO cells our group hypothesized 

that polymer S100-DP187 exerts its action by trapping MR in the 

endosomes, leading to a decrease in the number of receptors at the 

cell surface. To investigate if the same mechanism is present in 

human macrophages, the first step was to detect MR and other 

markers in human macrophages through immunofluorescence (IF). 

Microscopy protocol had to be optimized not only to detect specific 

markers in the cells, but also to control signal brightness and 

nonspecific fluorescence. A major concern was that the secondary 

antibodies against a particular species could cross-react with 

antibodies from a different species which would hamper efforts to 

establish co-localization of two markers.  

Initially MR was not detected in the cells; as a consequence, the 

incubation time for the primary antibody was increased together 

with the concentration for the secondary antibody. In the following 

stage all the markers were detected but this time the problem was 

with nonspecific fluorescence from samples incubated with 

secondary antibody only. Endo180 detection in the IF microscope 

was dim compared with the image from confocal Zeiss LSM 880. This 

could be due to different reasons, e.g. changes in protocol, 

differences between microscopes. Lowering the concentration of the 

secondary antibody decreased the nonspecific fluorescence, at the 

same time that increasing the time of incubation of the primary 

antibody improved the overall detection of the markers. The 

optimization process revolved around finding the right concentration 

for the antibodies, more specifically, the secondary antibodies, at 

the same time that the incubation period for the primary antibody 

was determined. When images displayed a good fluorescence signal 
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for the markers and minimum nonspecific fluorescence in the 

channels, the focus changed to colocalization analysis. 

Images studies of untreated macrophages resulted in a low degree 

of colocalization for MR and EEA1, indicated by both PCC values and 

line intensity profiles. Lines were drawn in different regions of the 

cell in order to observe variability within the cytoplasm. The low MR 

x EEA1 colocalization score contrasted with what is discussed in the 

literature about the location of MR in the early endosome (Gazi and 

Martinez-Pomares, 2009). Previous work (Vigerust et al., 2012) 

demonstrated that MR and EEA1 do colocalize in a human 

macrophage hybridoma cell line contradicting the results from the 

present analysis in human monocyte-derived macrophages. Images 

from macrophages treated with polymer S100-DP240 for 4 hours did 

not show significant changes in the PCC values when compared to 

untreated macrophages. Observation of line intensity profiles did not 

indicate a high degree of colocalization and did not show significant 

differences to untreated macrophages. Overall, similar to untreated 

macrophages, these cells also showed low degree of colocalization. 

However, line intensity profiles from untreated macrophages and 

macrophages treated with polymer S100-DP240 showed that there 

are some pockets in the graphs where MR and EEA1 display similar 

intensities, possibly indicating that in some regions in the cell 

colocalization may occur. One limitation of the line intensity profile 

analysis is that it was done for the Z projection of the whole cell. A 

more detailed comparison of layer by layer of the cell could have 

shown different results. 

A matter of concern about the images is the presence of MR in the 

nucleus. MR is known to recycle between the endosome and the 

membrane, but its presence in the nucleus has not been previously 

reported. A smaller quantity of EEA1 was also observed in the 

nucleus. One possible explanation is that the permeabilization step 

mediated by Triton-X100 is producing pores in the nuclear 
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membrane (L van de Ven et al., 2009, Tissera et al., 2010), 

allowing proteins from the cytoplasm to enter the nucleus. If this is 

the case, there is a possibility that endosomes, which has a lipidic 

structure, is also affected by this procedure, thus limiting the 

reliability of the colocalization analysis. It also needs to be pointed 

out that this analysis is from cells from one donor and do not possess 

any statistical validity. 

 As experimental control, coverslips incubated with rabbit anti-MR 

antibody and a mouse anti-MR antibody were also analysed. PCC 

score was not as high (0.51 and 0.56) as expected for two antibodies 

that should be targeting the same receptor. Observation of the two 

MR channels side by side gives the impression they are greatly 

colocalized, however, analysis like that are not quantitative and can 

be deemed subjective. Overlapped line intensity profiles of the two 

channels (MR x MR) supports high colocalization of the two 

antibodies. The contradictions of the results possibly indicate that 

the images do not have the quality required for analysis by coloc 2 

tool. A future step would be to discuss with specialists in 

colocalization analysis what could be done to improve the conditions 

of this assay.  

The confirmation of the hypothesis that sulfated glycopolymers act 

by trapping MR in the endosomes of human macrophages is an 

important step in the elucidation of the mechanism of action of these 

polymers. The development of an appropriate MR binding polymer 

able to inhibit MR-mediated endocytosis would be of particular 

interest as it would open the way for the development of MR 

inhibitors, with potential important clinical implications in diseases 

or conditions where MR+ DCs and/or macrophages play a major role.  
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Chapter 6 - Final Discussion 

 

Since lectin-carbohydrate binding is characteristically weak, 

multivalent ligand targeting is an attractive strategy to enhance the 

avidity of such weak binding interactions. A new generation of sugar-

based polymers with complex architectures, compositions, and well-

defined molecular weights have been developed in the past few 

years. These characteristics greatly enrich polymer diversity and 

enable a range of functions in biomaterials and biomedicine (Miura, 

2007). Compared with other synthetic polymers, sugar-based 

biomaterials have the advantage of being biocompatible, 

biodegradable, non-immunogenic, making them particularly suitable 

for in vivo applications (Zhang et al., 2015). Over the years, sugar-

based biomaterials have attracted substantial interest for biomedical 

applications, including drug, gene and antigen delivery, as well as 

diagnostic tools.  

By taking advantage of MR endocytic capacity, a mannosylated 

cargo-delivery system has been developed to deliver Amphotericin 

B to macrophages infected by Leishmania protozoans (Asthana et 

al., 2015). The advantage of delivering the anti-leishmanial 

chemotherapeutic Amphotericin B using mannosylated chitosan 

nanocapsules is that it improves selective delivery of Amphotericin 

B into infected macrophages, therefore reducing the side effects of 

this medication to the host. In cancer immunotherapy, glycan-

modified liposomes have been used to encapsulate tumor antigens 

and deliver them to DCs (Unger et al., 2012). LewisX-modified 

liposomes targets the lectin DC-SIGN expressed at the surface of 

DCs and were used to deliver the melanoma antigen MART-1 to 

these cells, consequently boosting activation of CD4+ and CD8+ T 

cells activation by DCs. As an alternative attempt to deliver DNA to 

cells, a vector composed of a high mannose N-glycan conjugated to 

a polyacridine peptide was designed. This compound binds to 
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plasmid DNA and targets DC-SIGN expressed by DC-SIGN+-CHO 

cells. Plasmid DNA-peptide-manosylated sugar complexes were 

internalized by DC-SIGN+-CHO cells, opening the possibility for 

receptor-mediated gene delivery (Anderson et al., 2010). In 

diagnostic applications, presence in the amniotic fluid of sialic acid 

and fucose glycotopes of plasma fibronectin has been used to 

monitor the evolution of pregnancy (Jain et al., 2012), as these 

glycotypes are associated with implantation, growth and 

differentiation of fetal tissues and changes according to pregnancy 

stages. 

Synthesis of polymeric materials has attracted tremendous interest 

because of the precise control over architecture, stereochemistry, 

and composition. Sugars are considered building blocks, in which 

each unit has inherent chirality (D- and L- configuration), and unique 

degradation properties in vitro (Zhang et al., 2015), giving them 

exceptional abilities in polymer synthesis. Glycopolymers are sugar-

functionalized polymers where sugar moieties are conjugated as 

pendant groups (Zhang et al., 2015). Synthetic glycopolymers can 

be synthesized either by polymerization of glycosylated monomers 

or by post-functionalization of pre-synthesized polymer scaffolds. 

Hence efforts have focused on the controlled synthesis of well-

defined glycopolymers (Voit and Appelhans, 2010) by atom transfer 

radical polymerization (ATRP)(Bhatia et al., 2011), and reversible 

addition fragmentation chain transfer (RAFT) polymerization 

(Ahmed and Narain, 2011). These methods facilitate preparation of 

polymers with low dispersity indices (heterogeneity of size of 

molecules) and well-controlled molecular weights and monomer 

sequences, generating precisely prepared bioactive carries.  

C-type lectin receptors (CLRs) belong to a large family of receptors 

that share a structurally carbohydrate-recognition domain (CRD) 

and often bind to glycan structures in a Ca2+-dependent manner 

(van Kooyk and Rabinovich, 2008). CLRs can be exploited to 
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modulate functions of CLR-expressing cells such as endocytosis or 

cell activation as well as for drug delivery. In innate immunity, CLRs 

are mainly expressed by antigen presenting cells (APCs) such as DCs 

and macrophages. They serve as pattern-recognition receptors 

(PRRs) and bind to pathogen-associated molecular patterns (PAMPs) 

(Sancho and Reis e Sousa, 2012) but may also sense self-antigens 

released by tissue damage or dead cells (Sancho and Reis e Sousa, 

2013). Thus, myeloid CLRs such as DC-SIGN, mannose receptor 

(MR), and others are crucial to initiate immune responses against a 

number of pathogens including bacteria, viruses, parasites, and 

fungi. MR recognizes not only mannose-terminated glycans,  but 

also fucose-terminated glycans on the surface of pathogens, thus it 

is capable of sensing bacterial, viral, and fungal ligands (Vautier et 

al., 2012). The receptor also binds to sulfated sugars in a calcium-

independent manner through its N-terminal CR domain, giving the 

ability to recognize sulfated oligosaccharides found in pituitary 

hormones such as lutropin and thryrotropin. MR also binds collagen 

through its fibronectin type II domain (East and Isacke, 2002). 

Besides its effect in pathogen recognition, MR is involved in cell 

activation, antigen presentation to T cells, and control of 

homeostasis, such as clearance of endogenous products, and cell 

adhesion (Taylor et al., 2005).  

MR is a suitable biological target for drug carriers due to its endocytic 

ability and drug delivery properties. Suitable carriers must facilitate 

transport across the membrane and deliver their cargo inside the 

cells. MR has been shown to be particularly suitable for targeting of 

tumour-associated macrophages (TAMs) in cancer, for infectious 

diseases and for vaccine delivery (Azad et al., 2014). In the cancer 

tissue microenvironment, TAMs have been described to play a role 

in tumour invasion, proliferation and metastasis (Mantovani et al., 

1992). These macrophages are M2-like and express high levels of 

MR (Allavena et al., 2010). Mannose-coated liposomes have been 
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developed for imaging of TAMs and consequently track cancer 

growth by positron emission tomography (Locke et al., 2012). These 

liposomes also hold the potential for delivery of therapeutic agents 

to the tumour microenvironment. Targeting the macrophage MR has 

shown to be a potential strategy for the treatment of Tuberculosis. 

M. tuberculosis is a prototypic intracellular pathogen of macrophages 

which cause both active and latent tuberculosis (Azad et al., 2014). 

In order to target these intracellular pathogens, nanocarriers 

optimized specifically for macrophage MR has been developed for 

drug delivery (D'Addio et al., 2013). In the field of vaccine delivery, 

targeting antigens to endocytic receptors such as MR represents an 

attractive strategy to enhance the efficacy of vaccines (Keler et al., 

2004). These APC-targeted vaccines have the ability to guide 

exogenous protein antigens into endosomes that process the 

antigens for major histocompatibility complex class I and II 

presentation. The MR and other C-type lectins have the ability to 

sample antigens and link the innate and adaptive immune 

responses. Delivery of antigens has achieved effective induction of 

cellular and humoral immune response (Keler et al., 2004). While 

there are examples of agonists and drug carriers targeting MR, there 

is lack of MR blockers in the literature.  

With the intention of targeting MR in a very controlled way, our 

group developed a library of glycopolymers, with different sugar 

moieties conjugated as pendant groups and with different lengths. 

Glycopolymers synthesised by ATRP had chains varying between 32 

- 187 average number of polymer repeating units, with average 

molecular weight Mn of 12-17 and 71-89 kDa, respectively; below 

and above the 40-60 kDa threshold for glomerular kidney filtration. 

We expected both sets of glycopolymers would behave very 

differently in vivo due to their potentially different half-life in 

circulation. Glycopolymers with 100% non-CD206 binding units, 

(Gal)32 and (Gal)187 were also prepared and utilised as negative 
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controls for subsequent in vitro and in vivo studies. A new set of 

polymers with average molecular weight Mn 60-81 kDa were also 

synthesized by RAFT.  

The hypotheses of this project were that MR-binding polymers 

developed in our lab could be recognised by human MR and 

modulate MR-function in human myeloid cells. The main aims of this 

project were to: 1) Investigate the recognition of polymers S100-

DP187, M100-DP187 and G100-DP187 by the CR domain of human 

MR and human myeloid cells; 2) Investigate the effect of 

glycopolymers on MR function in human myeloid cells; and 3) 

Investigate the effect of glycopolymers on MR distribution within 

human myeloid cells.  

Macrophages are distributed throughout the human body and patrol 

tissues while maintaining homeostasis. Macrophages in tissues are 

derived from embryonic precursors that seed the tissues before birth 

and maintain themselves by self-renewal (Ginhoux and Jung, 2014). 

However, blood monocytes, derived from haematopoietic cells in the 

bone marrow, can infiltrate and differentiate into macrophages in 

the tissues. The contribution of monocytes to the population of 

resident tissue macrophages is tissue dependent. While in lung and 

brain macrophages are of embryonic origin and are maintained by 

replication, in the dermis and lamina propria macrophages are 

replenished through the constant recruitment of blood monocytes, 

rather than replication (Gordon et al., 2017).  

In order to translate previous mouse work in the lab to the human 

setting it was important to use a biological model of human myeloid 

cells expressing MR. Tissue macrophages are not generally 

available, whilst blood monocytes can be easily obtained from 

donors. Thus monocyte-derived macrophages provide a suitable 

model for research in this area. Although myeloid cell lines provide 

an convenient supply of cells, lines such as the human monocytic 

leukaemia cell line THP-1, and the human myeloid leukaemia cell 
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line U937, which possess uniform genetic makeup  (Chanput, 2015), 

do not express MR. In addition, these cell lines fail to represent the 

diversity found in humans. 

 

 

Analysis of Polymer Uptake by Human Macrophages 

Uptake of S100 and M100 GPs was initially observed in MR+-CHO 

cells and mouse macrophages (Mastrotto et al, manuscript in 

preparation) and this thesis confirmed uptake by human monocyte-

derived macrophages. S100-DP187 was recognized by the human 

CR domain of MR (Figure 14) and by human macrophages (Figure 

15). In human macrophages, S100 and M100 polymer uptake was 

dependent on temperature of incubation (Figure 17) and escalated 

with the increase in polymer concentration (Figure 18), all signs of 

receptor mediated uptake. In addition, polymer uptake was 

increased in IL-4 –treated macrophages which is consistent with the 

increased MR expression in these cells (see below).   

Knockout mouse macrophages failed to show uptake of S100 and 

M100 polymers, indicating MR was the sole receptor responsible for 

polymer uptake. Unfortunately, our lab is not currently set up to 

perform specific down regulation of MR in human macrophages using 

siRNA which would have confirmed the specificity of the uptake of 

S100 and M100 GPs by MR. Other approaches such as antibody-

mediated MR blocking has also been unsuccessful in our laboratory.   
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Effect of S100 polymers on MR biology 

Our initial results in MR+-CHO cells suggested that after cell uptake 

of S100 multivalent ligands further MR-mediated endocytosis was 

prevented. The effect was achieved after 30 minutes incubation with 

S100 polymers (Figure 8, d), whilst the same was not observed in 

for Man GPs. This phenomenon could be explained by i) an alteration 

of cell trafficking of MR which would eventually lead to its 

degradation, or ii) the formation of very stable S100 GPs-MR 

complexes unable to dissociate and restricting receptor recycling, 

either at the cell membrane or within endosomal compartments.  

 

(i) MR degradation 

To verify whether reduced MR-mediated ligand uptake was due to 

intracellular receptor degradation, total cellular MR in MR+-CHO cells 

was estimated by western blotting. After incubation with GPs at 15 

M, for 30 and 120 min, Western Blot analysis of cell lysates 

indicated that the total amount of MR in the cell remained virtually 

unchanged compared to untreated MR+-CHO cells, for all polymers 

investigated (Figure 9, b). A similar pattern was observed in human 

macrophages incubated for 2 (Figure 30) and 6 hours (Figure 31) 

with 48 µM to 192 µM of S100 GPs, corroborating the idea that the 

total MR number remains constant regardless of the increase in 

polymer concentration.  

 

(ii) MR surface expression inhibition 

In regards to the ability to block MR expression on the cell surface, 

sulfated multivalent ligands S100-DP32 and S100-DP187 

significantly decreased the proportion of MR at the cell surface 

compared to untreated MR+-CHO cells after 120 min incubation, in 

contrast, mannosylated analogues did not cause the same effect 

(Figure 9, a). In human macrophages, a significant reduction in 

surface MR was not observed after 1-hour incubation (Figure 25) 
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using 48 µM S100-DP187, however, after 24 hours incubation a 

significant reduction of MR was observed for IFN-γ + M-CSF and M-

CSF only treated macrophages (Figure 26). IFN-γ and LPS are known 

as pro-inflammatory agents that polarize macrophages to type M1 

or classically activated phenotype (Glass and Natoli, 2016). In this 

context, polymers were also tested to see whether they possess the 

ability to interfere with the expression of M1 markers. An alternative 

stimulus to use to obtain M1 macrophages is TNFα. TNFα is a pro-

inflammatory cytokine and, like LPS, it can also activate 

macrophages that have already been primed by IFN-γ 

(Parameswaran and Patial, 2010).  

The results showing reduced surface expression of MR could 

reinforce the original hypothesis that blocking of MR-mediated 

endocytosis was due to trapping of the receptor into stable ligand-

receptor complexes from which the latter could no longer dissociate. 

But there is also a possibility that these polymers are simply blocking 

the recognition of these receptors by the labelled antibody, 

explaining why there is less surface MR expression. In the mouse 

model this is an unlikely scenario because the antibody used to 

detect MR (5D3) binds the CTLD4-7 region of MR (Martinez-

Pomares, 2012) and is not a blocking antibody. Hence binding of 

S100 GPs to MR should not affect 5D3 binding.  

In addition to reduced MR surface expression, IFN-γ treated 

macrophages incubated for 24 hours in the presence of S100-DP187 

also showed reduced expression of HLA-DR and CD11b compared to 

untreated cells. No assay was done to determine if these polymers 

could be binding non-specifically to these receptors and blocking 

their recognition by the antibodies. Of interest, recent work in the 

lab has indicated reduced STAT-1 phosphorylation in response to 

IFN- in the presence of S100-DP240 (S. Muntaka, unpublished).  

Another interesting possibility is that S100-DP187 could be 

interfering with the action of IFN-/LPS which would explain why 
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levels of MHCII were much reduced in the S100-DP187-treated 

samples. This could be tested by analysing STAT-1 and NFκB 

activation in the presence of S100-DP187. Our lab has consistently 

detected increased production of MCP-1 by IFN--treated 

macrophages (Muntaka et al., 2019). Analysis of MCP-1 production 

by S100-DP-187-treated cells failed to show any significant changes 

(data not shown).   

 

(iii) MR localization 

Confocal microscopy of MR+-CHO showed that MR-S100 GPs 

complexes were not localized at the cell membrane but rather 

spatially confined within recycling endosomal compartments labelled 

with the early endosomal marker EE1. The limited experimental data 

on the localisation of MR and EE1 in human macrophages untreated 

or treated with S100-DP240 could not confirm these findings. The 

degree of colocalization between MR and EEA1 based on the PCC 

score was very low, contradicting what is known in the literature 

about the presence of MR in the early endocytic compartment (Gazi 

and Martinez-Pomares, 2009). Further no significant PCC difference 

between untreated and S100-DP240 GPs-treated macrophages was 

observed. Due to uncertainties regarding the quality of the 

colocalization analysis in human macrophages and the quality of the 

pictures, further co-localization analysis needs to be performed in 

these cells. Some changes in the permeabilisation protocol could be 

applied, such as, Triton X-100 could be substituted to Tween 20 or 

the time of incubation with Triton X-100 could be decreased. There 

is also a choice of using other endosomal markers instead of EEA1, 

like Rab4, Rab5 and transferrin. It would be of interest to learn if 

these markers co-localize with MR. Detection of MR in the cell 

nucleus was surprising as no previous reports of MR nuclear 

localisation exist. The validity of this finding is supported by the fact 

that both anti-MR antibodies gave the same staining pattern. 
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Although an artefact caused by the labelling procedure cannot be 

ruled out.  

 

 

(iv) Collagen uptake inhibition   

To explore the inhibitory capacity of S100 GPs in MR activity, the 

ability of sulfated GPs to inhibit uptake of other MR ligands was 

tested. Collagen was chosen because of its carbohydrate-

independent binding to the FNII domain of MR and subsequent cell 

uptake have been described by our group (Martinez-Pomares et al., 

2006a) and Dickamer’s group (Napper et al., 2006a). This 

mechanism is of particular interest during resolution of inflammation 

in which tissue remodelling occurs (Martinez-Pomares et al., 2006b), 

one recent example highlighted the process of collagen endocytosis 

mediated by MR in TAMs found in Lewis lung carcinoma (LLC) cells 

(Madsen et al., 2017).  

In our previous study, MR+-CHO cells were pre-treated with either 

S100-DP32 or S100-DP187 (15 M in sugar binding units) for 30 or 

120 min, then Gelatin-Texas Red (TR) was added to a final 

concentration of 10 µg/ml (Figure 10). After 2 hours of co-

incubation, data clearly showed that internalisation of Gelatin-TR 

was significantly reduced by S100 GPs compared with untreated 

cells incubated with Gelatin-TR for 2 hours (positive control). These 

uptake patterns did not significantly change by increasing the 

duration of polymer pre-incubation from 30 to 120 min neither by 

washing the cells prior to adding the gelatin. The lack of effect of 

washing/removing the polymers from the cells probably indicates 

the GPs had already been internalized and found as GP-MR in the 

endosomes. Remarkably, similar trends were also observed when 

human macrophages were incubated with 48 µM of S100-DP187 GPs 

for 6 hours followed by 1-hour Gelatin-TR incubation (Figure 23). 

The same trend was not observed in human macrophages incubated 
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for 1 hour with S100-DP187 GPs (Figure 21), suggesting that time 

of incubation is an important factor to observe significant effects in 

human cells, in contrast to MR+-CHO cells or mouse macrophages. 

Even though it seems counterintuitive, it was easier to observe 

gelatin uptake inhibition in human macrophages treated with IL-4, 

which contains a higher MR cellular pool. The reasons for these 

findings are unclear at this time. Little is known about the cellular 

biology of MR in human macrophages with many characteristics 

assumed based on findings in mouse macrophages 

 

Endo180 as an alternative collagen receptor in human 

monocyte-derived macrophages 

The differences in blocking efficiency of S100 GPs between MR+-CHO 

cells/mouse macrophages and human macrophages led to the 

hypothesis that another receptor could be mediating gelatin uptake 

in human cells. The presence of Endo180, another known collagen 

binding receptor, in monocyte-derived macrophage may explain the 

less efficient gelatin inhibition by S100-DP187 in these cells 

compared to MR+-CHO cells or mouse macrophages, which do not 

possess Endo180. Western blotting analysis showed that indeed 

human monocyte-derived macrophages express Endo180 and that, 

in contrast to MR, M-CSF treated macrophages showed higher levels 

of Endo180 when compared to IL-4 treated macrophages, indicating 

downregulation of Endo180 by IL-4 (Figure 31). Endo180 bands 

detected in IL-4 treated macrophage seems to slightly differ in size 

to bands from M-CSF treated macrophages (Figure 24), suggesting 

potential differences in glycosylation. Endo180 is a receptor that was 

initially found in fibroblasts (East and Isacke, 2002) and the 

concentrations of antibody that is normally used to detect this 

receptor in fibroblasts was not enough for detection in human 

macrophages, forcing the use of higher concentrations of antibodies 

and higher protein loading in the gel. Due to difficulty of detection 
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of Endo180 in human macrophages, the presence and regulation of 

Endo180 in human macrophages should be also confirmed by qPCR. 

Endo180 associate with uPAR-associated protein forming the 

complex uPARAP/Endo180 which is connected to matrix turnover 

(Engelholm et al., 2009). uPARAP internalize collagen and gelatin 

and route this material to the lysosomes (Engelholm et al., 2009). 

Hence, this receptor is expected to be localized with markers such 

as LAMP1 (Kjoller, 2004), which might differ from MR which is 

expected to be localized in the endosomes. It is not known if the 

presence of Endo180 in human macrophages is the only factor 

responsible for differences in gelatin uptake between MR+-CHO cells 

and human macrophages and between the two types of human 

macrophages in this study (M-CSF vs IL-4). Another factor could be 

the differences in protocols. In MR+-CHO cells, 30 min of incubation 

with S100-DP187 followed by 2 hours incubation with labelled 

gelatin was enough to detect significant reduction in gelatin uptake 

(Figure 10). In human macrophages incubated for 1 hour with S100-

DP187 followed by 1-hour gelatin incubation had no significant 

reduction in gelatin uptake (Figure 21). To confirm if Endo180 is the 

cause of inefficient gelatin uptake inhibition in human macrophages, 

Endo180 could be silenced by siRNA and collagen uptake inhibition 

in these cells would be quantified and, in the presence, and absence 

of S100 GPs.  

In agreement with these findings in human cells a short incubation 

of one hour with S100 polymers was not sufficient to decrease 

significantly MR surface expression. A significant change was only 

observed at 24 hours incubation (Figure 26). The difficulty in 

inhibiting MR in human cells compared to mouse macrophages or 

MR+-CHO could be due to differences in the endocytic pathways or 

in a higher MR intracellular pool in human cells that would repopulate 

the membrane with more receptors, taking a longer period of time 
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to observe a significant inhibition in MR surface expression in human 

macrophages.  

Modulation of IDO activity using S100-GPs  

The main allergen from house dust mite (HDM) – Der p 1 -, in the 

presence of low levels of LPS downregulates indoleamine 2,3-

dioxygenase (IDO) through engagement of MR on human DCs, 

leading to a Th2 immune response (Royer et al., 2010). These data 

show the involvement of MR in inducing Th2 allergic immune 

responses through regulation of IDO activity in human DCs with the 

participation of Toll-like receptor 4 (TLR4) signaling. The kynurenine 

pathway is a major route for tryptophan metabolism in mammals 

(Mándi and Vécsei, 2012). In the first step of the process tryptophan 

is converted to kynurenine in a reaction catalysed by indoleamine 

2,3-dioxygenase (IDO). IDO-mediated tryptophan catabolism 

appears to have a significant counter-regulatory role in damping 

down the activation of the immune system (Mándi and Vécsei, 

2012), more particularly in the suppression of T cells (Mellor and 

Munn, 2004). IFN-γ (Chon et al., 1996) and LPS (Fujigaki et al., 

2006) are known to induce IDO gene transcription. MR engagement 

by mannan (plant polysaccharide made of mannose) can 

downregulate IDO activity and impairs Th1 cell priming induced by 

LPS (Salazar et al., 2016). This led to the study of tryptophan 

metabolism in macrophages activated by IFN-γ and LPS in the 

presence of unlabelled S100-DP240 GPs. Macrophages activated by 

IFN-γ and LPS and incubated in the presence of S100-DP240 showed 

a decrease in kynurenine production (Figure 27), which was 

dependent on polymer concentration. This effect was seen 

independently of the type of culture plate macrophages were seeded 

on (Figure 27 and Figure 28, a). It is not clear whether engagement 

of MR by S100 GPs would lead to a Th2 response based on the down 

modulation of IDO provoked by allergen Der p 1 (Royer et al., 2010) 

or mannan (Salazar et al., 2016). By targeting MR with glycosylated 
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(3-sulfo-LewisA or tri-GlcNAc) OVA conjugates it was possible to 

skew T cells towards Th1 response (Singh et al., 2011). Thus, 

different MR targeting may lead to different outcomes. Hence it is 

not safe to hypothesize which T cell response would be stimulated 

by SO4-3-Gal GPs, if any at all. This could be tested in the future by 

detecting Th2/Th1 cell markers in T cells from a Macrophage-T or 

DCs- T cell co-culture incubated in the presence of different 

cytokines and SO4-3-Gal or Man GPs.  

Cells used for the IDO activity assay also had their cell surface 

markers analysed. A decrease in HLA-DR surface marker (Figure 29, 

B) was only detected at a higher polymer concentration (120 µM) 

and the inhibitory effect in MR surface expression (Figure 29, A) was 

not significant (IFN-γ + LPS treated), even when incubated with the 

GPs for 24 hours. The addition of LPS together with IFN-γ may also 

be the cause of no significant reduction in MR caused by S100-

DP240, in contrast to the significant reduction in MR in cells treated 

with IFN-γ only and S100-DP187. This makes the comparison 

between the assays difficult and as they may not be treated as 

equivalent.  

With regards to the influence of IFN-γ, cell surface markers analysis 

showed that MR surface expression was high in cells incubated with 

IFN-γ alone for 24 hours in the absence of GPs in this case. This 

contradicts the literature which relates IFN-γ to downregulation of 

MR and considers MR as a marker for macrophage polarization, in 

which MR is upregulated in M2 macrophages and downregulated in 

M1 macrophages. This led to further investigation of protein 

expression under different circumstances in order to investigate total 

MR protein expression.   

 

MR expression in M1 and M2 human macrophages 

High MR protein expression was confirmed by western blot in 

macrophages treated with IFN-γ for 24 hours comparable to M-CSF-
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macrophages, in agreement with the cell surface labelling results. In 

mice it is accepted that MR is downregulated in cells treated with 

IFN-γ, so the differences found could be explained by inter-species 

variations. However, some papers claim that MR activity is also 

downregulated in human macrophages under the influence of IFN-

γ. By looking at the protocols of stimulation of these human 

macrophages by IFN-γ one can find great diversity in procedures. In 

one case, MR was downregulated in human macrophages that were 

treated for 4 days under IFN-γ stimulation (Ambarus et al., 2012). 

Another paper analysed MR sugar uptake under stimulation by IFN-

γ and only noticed a reduction in sugar uptake after 48 hours of 

incubation with IFN-γ (Mokoena and Gordon, 1985). IFN-γ signalling 

is mediated by the JAK–STAT pathway, in particular  activation of 

STAT1, which is typically transient, peaking at 15–60 minutes and 

then resolving , i.e. going back to the baseline at 2–4 hours after 

stimulation (Ivashkiv, 2018). However, it is apparent that IFN-γ 

induces a subset of interferon-stimulated genes (ISGs) with delayed 

kinetics in a manner dependent on new protein synthesis (implying 

indirect regulation) and also induces a pattern of sustained gene 

expression that persists beyond the duration of JAK–STAT signalling 

(Levy et al., 1988, Levy et al., 1990). This might relate to the 

differences observed in MR expression in human macrophages 

stimulated by IFN-γ in different periods of time. As mentioned above 

an assay performed in our lab showed that polymer S100-DP240 

reduced STAT-1 activation, although the reduction was not 

significant.  

 

Future perspectives 

The polymers developed in our lab demonstrated many potential 

clinical applications. The ability of the SO4-3-Gal GPs to reduce MR 

surface expression and to negatively affect collagen uptake by 

human and mouse macrophages may have the potential to interfere 
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with collagen turnover and consequently on tissue remodelling 

during inflammation. This may have application in conditions like 

invasive tumor growth, in which interstitial collagen from the 

extracellular matrix is extensively degraded and internalized by M2-

like TAMs (Madsen et al., 2017). It has been postulated that the 

density of TAMs correlates with tumor prognosis (Biswas et al., 

2013, Zhang et al., 2012). Deletion of MR in mice led to smaller 

tumor volumes, although not significant, and more intercellular 

collagen deposition in Lewis lung carcinoma tumors (Madsen et al., 

2017). The effect of these GPs on tumor size is not known and might 

be tested in the future. Current work in the lab is testing the effect 

of these polymers on spheroids comprised of cancer cells-cancer 

associated fibroblasts and human macrophages and on tumour 

growth in mice. An added possibility is to use the knowledge 

accumulated in polymer synthesis and apply in the development of 

synthetic drug carriers that would target only TAMs.  

 

Another important action of SO4-3-Gal GPs that may have its 

application in cancer biology is the ability to modulate IDO activity 

in DCs and macrophages.  Several tumor types show increased 

tryptophan metabolism, which in turn associates with poor prognosis 

(Juhász et al., 2012). Moreover, enhanced IDO activity was 

observed in tumors, such as in colon cancer, leading to increased 

cell proliferation in mice (Thaker et al., 2013). In mouse models of 

ovarian cancer, melanoma and renal cell carcinoma IDO expression 

correlates with increased angiogenesis (Nonaka et al., 2011). 

Tryptophan catabolites induce Th1-cell apoptosis and, in addition to 

inhibition of proliferation of these cells, IDO-dependent tryptophan 

catabolism could contribute in vivo to the regulation of T-cell 

responses through selective effects on specific lymphocyte subsets 

(Grohmann et al., 2003). Unequal death of Th1 and Th2 cells has 

been suggested to contribute to several disease states. The IDO-
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kynurenine pathway can serve as a negative feedback loop for Th1 

response (Xu et al., 2008). In relation to the IDO inhibition observed 

in macrophages treated with SO4-3-Gal GPs, the assay mimics 

conditions related to infection, due to treatment with IFN-γ and LPS, 

and it is still unknown how these polymers would act in the context 

of cancer and preliminary tests are underway. However, it was 

already shown in an inflammatory model of acute kidney injury 

caused by ischemia reperfusion injury (IRI), that intravenous 

injection of S100-DP187 GPs in mice prior to IRI protected these 

animals against injury (unpublished data). This preliminary data 

indicated the potential anti-inflammatory effect of these polymers.   

  

The results achieved in this thesis with the SO4-3-Gal GPs are novel 

in relation to MR surface blocking, collagen uptake inhibition and IDO 

inhibition in human macrophages. It adds to the current targeting 

strategies of MR in immunization and enhanced cross-presentation 

(Apostolopoulos et al., 2000, Apostolopoulos et al., 2006, Singh et 

al., 2011) and in gene delivery (Tang et al., 2007). It also opens the 

possibility to explore cellular activities that could be affected by 

carbohydrate-based targeting approaches like modulation of cell 

growth, cell migration or other effector functions such as cytokine 

release as demonstrated recently using carbohydrate functionalized 

surfaces (Gentsch et al., 2010). Further work in this thesis highlights 

the need to consider Endo180 as an alternative collagen-uptake 

system in human macrophages. The intriguing differences in 

regulation between MR and Endo180 by IFN- and IL-4 in human 

macrophages deserves further investigation as can lead to novel 

findings regarding the role of M1 and M2 macrophages in collagen 

processing.  
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