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Kroni�na upala je u podlozi mnogih bolesti modernog �ovjeka kao što su djiabetes, astma, ateroskleroza itd.
Upalu predvode razli�iti tkivni makrofagi. Proteini iz porodice galektina, proizvedeni u makrofagima, dodatno
pridonose razvoju bolesti, stoga je od velikog interesa odgonetnuti razli�ite funkcije galektina. Ovaj rad nastoji
identificirati specifi�ne uloge galektina-3 u razli�ito aktiviranim makrofagima te razumjeti mehanizam i
posljedice vezanja galektina-3 za ligand.
U prvom radu prou�avali smo endocitozu galektina-3 u razli�ito aktiviranim makrofagima. Vidjeli smo da
upalni, M1, i alternativno aktivirani, M2, makrofagi proizvode i izlu�uju galektin-3 te tako�er mogu
endocitozom unositi velike koli�ine galektina-3 dodanog iz vana. Domena koja prepoznaje ugljikohidrat
galektina-3 (CRD) nije bila neophodna za endocitozu.
Drugi rad prou�ava mehanizam kojim galektin-1 usmjerava endocitozu hemoglobinsko-haptoglobinskog
kompleksa u M2 makrofagima. Rezultati ukazuju da se galektin-1 dijelom veže na kompleks te ga usmjerva
unutar stanice, zaobilaze�i put razgradnje, možda u korist recikliranja.
Tre�i rad bavi se samozdruživanjem galektina-3 koje se ostvaruje kroz me�usobnu interkaciju CRD
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liganda. U vezanje je uklju�eno više molekula galektina-3 nego što je rasploživog liganda, stoga proces
podržava brzu mobilizaciju galktina-3.
U zadnjem radu testirali smo nekolicinu biljnih prera�evina u potrazi za galektinskim inhibitorima. Pokazali
smo da odre�eni biljni produkti vrlo slabo djeluju na nekoliko testiranih galektina. Djelotvnorni galektinski
inhibitori su i potencijalni protuupalni lijelovi te bi njihov pronalazak i razvoj mogao biti od velike koristi.
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Summary

Contemporary diseases like diabetes, asthma, atherosclerosis etc. are 
marked by chronic inflammation, often supported by the activity of different 
macrophages. Proteins from galectin family were found to contribute to disease 
pathophysiology. Therefore, there is an intensive interest in understanding 
different galectin functions. The aim of this thesis was to pin-point specific 
galectin-3 roles in differently activated macrophages. Additional aim was to 
understand the mechanism and consequences of galectin-3 ligand binding. 

In the first paper galectin-3 endocytosis was studied in a system of 
differently activated macrophages. We found that inflammatory, M1, and 
alternatively activated, M2, macrophages have a large capacity to internalize 
externally added galectin-3, besides expressing and secreting galectin-3. 
Additionally, we found that galectin-3 does not require the functional 
carbohydrate recognition domain (CRD) for its endocytosis.  

In the second paper we used M2 macrophages to study how galectin-1 
directs the endocytosis of hemoglobin-haptoglobin complex. Our results indicated 
that galectin-1 bound fraction of the complex takes a recycling intracellular route 
instead of the pathway for degradation.   

The third paper shows how certain complex carbohydrate ligands can 
induce galectin-3 self-association that involves CRD to CRD binding. This “type-
C” self-association engages more galectin-3 molecules than there are available 
glycan ligands and can explain certain biological events that require fast galectin-3 
mobilization.  

In the fourth paper we tested the inhibitory potential of a few plant products 
for several galectins. We found that their activity was very weak, hence the search 
for more potent anti-galectin, perhaps also anti-inflammatory remedies continues.  
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�������

Kroni]na upala je u podlozi mnogih bolesti modernog ]ovjeka kao što su 
djiabetes, astma, ateroskleroza itd. Upalu predvode razli]iti tkivni makrofagi. 
Proteini iz porodice galektina, proizvedeni u makrofagima, dodatno pridonose 
razvoju bolesti, stoga je od velikog interesa odgonetnuti razli]ite funkcije 
galektina. Ovaj rad nastoji identificirati specifi]ne uloge galektina-3 u razli]ito 
aktiviranim makrofagima te razumjeti mehanizam i posljedice vezanja galektina-3 
za ligand.  

U prvom radu prou]avali smo endocitozu galektina-3 u razli]ito aktiviranim 
makrofagima. Vidjeli smo da upalni, M1, i alternativno aktivirani, M2, makrofagi 
proizvode i izlu]uju galektin-3 te tako^er mogu endocitozom unositi velike 
koli]ine galektina-3 dodanog iz vana. Domena koja prepoznaje ugljikohidrat 
galektina-3 (CRD) nije bila neophodna za endocitozu.  

Drugi rad prou]ava mehanizam kojim galektin-1 usmjerava endocitozu 
hemoglobinsko-haptoglobinskog kompleksa u M2 makrofagima. Rezultati 
!��"!_!	��	��	�������$
	��_���	`���	��	kompleks te ga usmjerva unutar stanice, 
zaobilaze��	�!�	��"�����_�{	�����	!	������	���������_�|		

Tre��	 ���	 ��`�	 ��	 ����"��!��`��_��	 ��lektina-3 koje se ostvaruje kroz 
me^usobnu interkaciju CRD galektina-3. Ta��`	���	����"��!��`��_�	}���$�~	����	
inicirati samo odre^���	 ���	 �������	 !�_������������	 ������|	 �	 `�"��_�	 _�	
uklju]���	`���	����!�	��������$�	����	���	_�	�������`��	������{	�����	������	
������`�	��"!	�����"���_!	�������$�|	

U zadnjem radu testirali smo nekolicinu biljnih prera^evina u potrazi za 
galektinskim inhibitorima. Pokazali smo da odre^eni biljni produkti vrlo slabo 
djeluju na nekoliko testiranih galektina.  Djelotvnorni galektinski inhibitori su i 
potencijalni protuupalni lijelovi te bi njihov pronalazak i razvoj mogao biti od 
velike koristi. 
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Introduction

Glycobiology and glycans 

One possible exception from the rule that there are no strict rules in biology 
could be that all cells in nature are covered with a dense coating of glycans, called 
glycocalyx. Glycans are also contained within the cells, in different vesicular 
compartments, as well as in extracellular matrices of multicellular organisms. 
Sugar coating is not only important for the biological processes of the host cell, 
but it also carries the information that will define the relationship of that particular 
cell with other host cells, invading pathogens, chemicals, and the rest of the 
surrounding world. In principle, glycan coating allows cells to sample each other 
and their surroundings before making any long-term commitments and before 
defining the nature of the interaction with their environment. Glycans, 
carbohydrates, sugars or saccharides (from Greek �������	, sugar), as they are 
interchangeably referred to, were defined in 1893 [1] as aldehyde or ketone 
alcohols of the general formula CnH2nOn that are sweet to taste and optically 
active. Today we know just a bit more; first of all, not all sugars are sweet and, 
even though formaldehydes follow the same general formula, they are not 
considered sugars.  

Nature holds remarkable structural variation of glycans which contribute to 
biological diversity and perhaps even to formation of new species [2]. 
Corresponding to genome and proteome, the collection of all glycan structures is 
called glycome. Despite the genetic conservation of organisms, glycan variations 
can serve to bridge the gap between genotype and vast phenotypic variety we see 
with every gaze upon the surrounding nature [3, 4]. Complex information written 
in glycan structures mostly remains a mystery, although specialized glycan-
binding proteins (GBPs) can provide a useful tool and aid in deciphering sweet 
riddles of a glycocode. Distinct families of GBPs are capable of translating 
specific information written in certain parts of the glycocode, and in turn 
orchestrate a multitude of physiological processes in a given organism. 
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Glycosylation  

Glycosylation, a process of adding glycans to proteins and lipids, can 
produce important functional diversity when the typical genome provides only a 
limited set of gene products [5]. It is considered that about 5 % of human genes 
encodes for proteins involved in glycan processing and recognition [6]. Our 
limited genome is further enlarged by the genome of the bacteria in the gut, that 
unlike us, produce enzymes for processing complex plant glycans like cellulose 
and pectin. Evidently, glycosylation is a highly regulated process that creates a 
plethora of diverse glycans, extremely valuable for every living cell. The primary 
source of glycan diversity is in their basic building blocks, monosaccharides. 
Vertebrates use 9 different monosaccharides (Figure 1) to synthetize their glycans.  
That does not seem much compared to 20 amino acids used in protein synthesis, 
but the spatial configuration of a monosaccharide (D and L), and its possibility to 
form bonds in 2 different directions (� and W) with each of its several hydroxyl 
groups, makes just 3 monosaccharides potentially arrange in over 27000 distinct 
trisaccharides. Unlike DNA or protein synthesis, glycosylation is not template 
driven; another reason for a vast array of glycan structures [7].  

At least 250 unique enzymes, called glycosyltransferases, are used to 
assemble various glycans. An additional explanation for their variability is the fact 
that cell surface glycans are the first barrier and a recognition site for invading 
pathogens. Namely, genes for glycosyltransferases had to quickly respond to rapid 
pathogen evolution, since a typical pathogen has a very short generation time. 
Conversely, Vogt and colleagues found that gene mutations resulting in gains of 
glycosylation are often pathologic for humans, exactly because they involve gains 
of glycosylation [8].  

Among other posttranslational modifications, glycosylation is currently 
considered the most extensive and complex one. There are two main types of 
glycan decorations found on proteins in eukaryotic cells: N-glycans and O-
glycans. 
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Figure 1 A. Common monosaccharides found in vertebrates. N-Acetylneuraminic acid 
is the most common form of sialic acid (Taken from Essentials of Glycobiology, Second 
edition, Chapter 2, Figure 4). B. Some typical disaccharides. Lactose is found in the milk 
of mammals. Maltose is formed after breakdown of starch. LacNAc is a typical component 
of complex glycans. Sucrose is found in flowering plants and usually extracted from sugar 
cane. 

 

N-glycans
N-linked glycosylation is found in all 3 domains of life, but archaea, 

bacteria and eukaryotes all carry different glycans, assembled by very complex 
biosynthetic machineries. The unique and conserved acceptor for N-glycans is an 
asparagine residue present within the consensus sequence N-X-S/T, where X can 
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be any amino acid except proline [9]. N-glycans affect many properties of 
glycoproteins including their conformation, solubility, antigenicity, and 
recognition by glycan-binding proteins. The heterogeneity of glycoproteins is 
extended by their glycans; not only that glycoproteins usually contain more than 
one N-X-S/T glycosylation site, but also the same N-X-S/T sequence can carry 
glycan structures that differ from one glycoprotein molecule to another.  The 
biosynthesis of N-glycans (Figure 2) begins in the cytosol as saccharides are added 
to a lipid acceptor (dolichol), and the sugar chain is transferred as a whole to the 
glycoprotein while it enters the endoplasmic reticulum (ER).  

 

 
Figure 2. N-glycosylation pathway, simplified. Dolichol phosphate (Dol-P) located on 
the cytoplasmic face of the ER membrane receives GlcNAc-P from UDP-GlcNAc in the 
cytoplasm to generate Dol-P-P-GlcNAc. Dol-P-P-GlcNAc is extended to Dol-P-P-
GlcNAc2Man5 before being “flipped” across the ER membrane to the luminal side. On the 
luminal face of the ER membrane, four mannose residues are added from Dol-P-Man and 
three glucose residues from Dol-P-Glc. Dol-P-Man and Dol-P-Glc are also made on the 
cytoplasmic face of the ER and “flipped” onto the luminal face.  
 
Each of the sugar additions is catalyzed by a specific glycosyltransferase and the 
protein-bound N-glycan is further remodeled in the ER and Golgi by a complex 
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series of reactions. Subsequent sugar additions in the trans-Golgi network create 
an extensive array of mature, complex N-glycans. High mannose structures are 
added early in the synthetic pathway and are conserved among many species; they 
take part in proof reading in ER and early transport through Golgi (and back). The 
more complex structures (e.g. containing galactose) are added later in the cell and 
they developed later in the evolution and may have more detailed role in vesicular 
sorting coming after the Golgi. The immense importance of N-glycosylation is 
evident from mutations in N-glycan processing enzymes; they are either fatal or 
lead to sever pathological conditions [10].  

 

O-glycans
O-glycosylation machinery decorates serine and threonine residues of 

mammalian glycoproteins with several types of sugars. The synthesis of O-glycans 
begins by addition of N-acetylgalactosamine (GalNAc) to S/T residues of the 
protein backbone, creating the so called Tn antigen. There are at least 20 genes 
plus their splicing variants that code for the family of enzymes that all catalyze 
this crucial reaction, albeit with slightly different specificity regarding on what 
peptide sequence it works and the neighboring O-glycans. It is still a mystery why 
nature would make such an investment in this one reaction, yet it points out the 
importance of correct O-glycosylation. Extraordinary diversity of O-glycans 
begins with the elongation of the Tn structure, creating eight distinct core 
structures. These are further modified in the Golgi by many different 
glycosyltransferases [11]. Mucins are the most represented O-glycosylated 
glycoproteins, rich in serine or threonine acceptor sites, carrying clustered O-
glycans that may comprise 80% of the molecule by weight. Within the mucus 
layer, they shield and hydrate the epithelial surfaces of the body. Furthermore, O-
glycans can provide recognition sites for pathogens but they can also mask 
underlying antigens and receptors. Attached O-glycans significantly affect the 
protein conformation and protect them from protease degradation  [12]. 

There are also other forms of protein O-glycosylation like O-GlcNAc or 
glycans linked through O-xylose, O-mannose, O-fucose and O-GlcNAc. 
Additionally, glycosylation occurs on other bio-molecules, e.g. sphingolipids and 
protein-phospholipid anchors. There are also unattached glycan structures with no 
protein/lipid aglycone part like human milk saccharides, or glycosaminoglycans 
(GAGs) including hyaluronan and heparin, while their sulfated counterparts as 
chondroitin/dermatan sulfates and heparan sulfates exist O-linked to a protein. 
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Glycan determinants
A glycan motive contained within a carbohydrate molecule that is 

specifically recognized by a glycan-binding protein (GBP) is a glycan 
determinant. These are often glycan units at “outer” positions of a glycan 
molecule, which determine the function or recognition properties of a 
glycoconjugate. While the core glycan synthesis is constitutive in most cell types, 
the addition of branching and terminal sugars is often regulated in a tissue or cell 
specific manner. Well known is the ABO blood group system formed by alpha 
linked GalNAc, Gal and/or Fuc respectively; often attached to LacNAc or 
polyLacNAc chains, but the latter are not part of the determinants. Even though 
Karl Landsteiner discovered ABO blood groups in early twentieth century [13], it 
took 50 more years to discover that they were made of sugars.  

Estimated number of glycan determinants is around 7000 [3] and they are 
widely presented in biological systems. The abundance of presented glycans 
enables a multivalent glycan ligand presentation, which in turn can enhance 
physiological apparent affinity (avidity) for GBPs. This multivalent presentation is 
often required to achieve the desired biological effect. GBP include lectins, 
antibodies, toxins and adhesins, which share the ability to recognize a glycan 
determinant in a non-enzymatic way. Three major families of mammalian GBPs 
include C-type lectins (calcium dependent), siglecs (sialic-acid-binding 
immunoglobulin-like lectins) and galectins, W-galactoside binding lectins. All three 
families have a predominant role in immunity [14]. However, galectins are 
emerging as particularly powerful and adaptable regulators of both innate an 
adaptive immune response.  

 

Sialic acids 
If one would picture different glycan structures as sentences, read by lectins, 

sialic acids (Sias) can be seen as the punctuation at the end, vital to disambiguate 
the meaning of the sentence [15]. Such prominent role of Sias is justified by their 
remarkable diversity resulting from the different �-linkages that may be formed 
between the C-2 of Sias and C-3 or C-6 positions of galactose, with N-acetyl or 
hydroxyl groups as additionally added modifications [16].  Sias can act either as 
masks or recognition sites for binding of various proteins. Siglecs are proteins that 
specifically bind Sias, whereas �-2, 6 sialylation tend to block the binding of 
galectins, and �-2, 3 sialylation may enhance, be tolerated or decrease binding. 
Sialylation is subject to rapid alterations and because of that it is often believed 
that it serves as an “on and off” switch for galectin binding [17]. In particular, �-2, 
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6 sialylation is considered to block galectin-3 binding, while �-2, 3 sialylation is 
generally tolerated [18]. However, the story gets more complicated; namely, �-2, 6 
sialylation blocks galectin-3 binding to a glycan with single terminal LacNAc, but 
if �-2, 6 sialylation is on the terminal LacNAc of a poly(LacNAc) chain, galectin-
3 still binds well to internal LacNAc units [19]. Obviously the mode of glycan 
presentation and glycan conformation can alter lectin binding specificity. Glycan-
lectin interactions may also be altered through lateral association with other 
membrane glycoproteins and glycolipids [20].  

Considering all the possible modes of interaction and their consequences, 
there is a great need to study glycan-lectin binding within different contexts to 
grasp their true biological relevance.  

 

Glycosylation changes and disease 

The glycome of an organism resembles a symphonic masterpiece, played by 
proteins and conducted by both genes and environment. When well-orchestrated, it 
allows a smooth flow of multicellular life. If the clef, notes or the players fail, 
once masterpiece becomes a sad tune of disease. Serum protein glycomes show 
some variability between individuals, but within a single healthy individual the 
glycome seems to be stable [21] with a certain degree of environmental influence 
[22]. It is well established that the epigenome (chemical DNA or histone 
modifications) is particularly sensitive to environmental influences, often 
connected to cancer through silencing of tumor-suppressors or activation of 
oncogenes [23]. The emerging view links epigenetics and glycosylation since the 
promoter region of certain glyco-genes undergoes DNA methylation [24]. These 
genes are often related to cancer and involve both genes for glycan processing and 
glycan recognition. There are indications that galectin-1 and galectin-3, lectins 
involved in immune system physiology, undergo epigenetic regulation in a human 
monocyte cell line (unpublished work). Defects of the glycosylation machinery 
can lead to loss or shortening of oligosaccharide moieties linked to glycoproteins 
and are termed congenital disorders of glycosylation (CDGs). Clinical 
manifestations of CDGs involve mental retardation, seizures, hypotonia, cerebellar 
hypoplasia and ataxia, liver disease, coagulopathy, and dysmorphia [25]. There are 
sixteen diseases connected to protein N-glycosylation: 14 assembly defects (CDG-
I group) and 2 processing defects (CDG-II group) [26]. Furthermore, common 
phenotypic change of cancer cells is the modification of cellular glycosylation. 
Increased W-1,6-branching and general increase in sialylation of N-linked and O-
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linked glycans are hallmarks of carcinoma cells and are associated with grade, 
invasion, metastasis and poor prognosis [27].  

The immune-cell glycome is particularly complex since it changes during 
cell differentiation, activation and apoptosis. These alterations are important for 
organism homeostasis but they are also connected to immune-cell disease 
mechanisms, including immune-cell trafficking and differentiation, activation of 
antigen and cytokine receptors, and autoimmunity [28-30]. 

Additionally, a non-enzymatic addition of glucose, termed glycation, leads 
to formation of irreversible protein or lipid modi�cations called advanced 
glycation end products (AGEs). They occur mainly in diabetes and are used as a 
measure of long term increase in plasma glucose levels. The role of AGEs is still 
poorly understood, but they are thought to contribute to the various complications 
seen in diabetes and are also regularly found in post mortem examination of 
patients with neurodegenerative disorders like Alzheimer’s and Parkinson’s [31].  

Many more acquired human diseases involve changes in glycosylation or 
the glycan recognition, including atherosclerosis, diabetes, bacterial and viral 
infections, asthma, rheumatoid arthritis etc. [32]. Considering high morbidity and 
mortality caused by those diseases, glycobiology could serve as a magic toolbox 
for novel diagnostic and therapeutic approaches.  

 

Glycan biomarkers

The growing and aging population, committed to a sedentary lifestyle with 
an abundance of high calorie foods led to increased prevalence of diseases like 
diabetes, atherosclerosis, allergies and cancer. The development of diagnostic 
methods and treatment strategies have not been as fast, thus the search for suitable 
biomarkers, medication and treatments continues. Altered glycosylation is often 
connected to disease and can mirror the processes involved in disease origin, 
occurrence, progression and occasionally resolution. Glycans have pivotal clinical 
relevance, since they may be used as speci�c biomarkers for several disorders. In 
diabetes, for example, AGEs may be used as markers of tissue damage and may 
predict long-term complications, as mentioned in previous section [31]. 
Overexpression and aberrant localization of mucins, densely O-glycosylated 
proteins, is a typical feature found in breast adenocarcinomas [27]. Besides 
focusing solely on glycan structures, several glycan binding proteins have been 
used as prominent biomarkers and several members of the galectin family show 
promising potential. A study from 2012 identified elevated serum levels of 
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galectin-3 as a potential tumor marker for pancreatic carcinoma. It was found that 
combined determination of serum galectin-3 with previously used markers greatly 
aids the diagnosis [33]. Besides total galectin level, the amount bound to its 
specific ligand [34] can serve as a sensitive biomarker. Galectins can also be used 
to detect specific glycosylation forms of their ligands, with diagnostic and 
prognostic potential if these ligand glycoforms are connected to a certain disease 
[35]. 

 

Galectins

An expanding body of studies is focusing on biochemical properties and 
physiological roles of galectins. However, the knowledge about how their 
biochemical and structural aspects influence their biological activities, both in 
health and disease, remains limited.  

Various historical names of galectins further indicate their involvement in 
many diverse processes, attracting the interest of different research groups over the 
years. Electrolectin was the first isolated galectin from the electric organ of the 
electric eel (Electrophorus electricus) in 1974 [36]. The term 'S-type' lectin was 
proposed in 1988 [37] when it was thought that thiol groups are required for 
galectin activity, thus 'S' stood for 'sulphydryl'. Even though only five mammalian 
galectins were discovered by 1993, the family was about to grow, considering the 
complexity and evolution of their glycoconjugate binding partners [38]. By 1994 it 
was well established that galectins prefer W-galactosides [39], and they were, for 
example, called galaptins by some, lactose lectins by other and various other 
names [40, 41], before the name galectin was coined.  At the same time galectins 
were known to be important in macrophage biology [42-44] and they were 
connected to tumor development and metastasis [45]. The name galectins was 
elegantly crafted by a group of scientists in the galectin field [46] and introduced 
in a mini review about the W-galactoside-binding lectin family in 1994 [47]. Since 
then, galectin research provides new insights in different areas where their roles 
were documented, ranging from development and immunology to inflammation 
and cancer. 

Galectins can be found in virtually all organisms, with 15 mammalian 
members discovered so far [48]. Today, galectins are defined as an evolutionary 
conserved family of endogenous lectins regarding the structure of their 
carbohydrate recognition domain (CRD) and preference for W-galactoside 
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containing ligands [49]. Their ability to differentially regulate numerous biological 
responses is tightly related to their structure and exquisite binding specificity. The 
carbohydrate recognition domain of galectins (Figure 3) has approximately 130 
amino acids, although only about 7 residues within the CRD make up the 
canonical galactose binding site [50]. The CRD is a globular region containing 
ligand binding groove that defines its specificity [51].  

 

 
Figure 3. The galectin CRD with bound sugar. Folded into two slightly bent anti-
parallel W-sheets, with the concave surface forming a groove that is long enough to 
accommodate a tetrasaccharide and therefore may be divided into sites A, B, C, and D. 
Site C is the galectin-defining W-galactose-binding site (white). Neighboring site C are key 
residues that determine the specificity (black). Taken from [52]. 
 
Based on the structure and presentation of the CRD, galectins are often, although 
old fashioned, divided into 3 subgroups: proto-type, tandem-repeat type and 
chimera-type (Figure 4) [53, 54].  

 

 
Figure 4. Classification of galectins. 
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This classification was established even before the use of the name galectins [38].  
Since the proto-type group is not homogenous regarding sequence, specificity or 
mode of oligomerization, and galectin-3 is the only galectin in the chimera-type 
group, a better classification could separate galectins with one CRD and galectins 
with two CRDs [55]. Mono-CRD galectins, like galectin-1 and galectin-3, can 
occur as monomers, dimers or higher order oligomers. Bi-CRD galectins have two 
distinct CRDs connected by a linker region. Bi-CRD galectins might also associate 
into higher oligomers. Oligomerisation of galectins depends on their concentration 
and the presence, concentration and chemical properties of the ligand, and it 
appears to be essential for a set of galectin functions. Oligomerisation can provide 
selectivity and precise positioning of glycan ligands and in turn increase binding 
affinity [56]. Galectins evolved to accommodate different functions by adjusting 
their binding orientation and oligomerisation, perhaps even faster than changing 
their binding specificity and affinity [57].  

 

Carbohydrate binding 

The ligand binding groove within the galectin CRD (Figure 3) is long 
enough to hold a tetrasaccharide and can consequently be divided into subsites A, 
B, C and D [55]. The most conserved is site C that interacts with the W-galactose 
(W-Gal) [18]. Even though W-Gal binding in site C is galectin-defining, it is very 
weak for all galectins. Additional binding in sites A, B and D may improve 
affinity and it fine tunes galectin specificity, determining different biological 
properties of each individual galectin [52, 58]. LacNAc, a common glycan 
determinant for galectin binding, is found in many N- and O-linked glycans and 
may be presented as multiple poly(LacNAc) units [59]. This arrangement of 
LacNAc strongly influences the binding of galectin-3 since it binds internal units 
of linear poly(LacNAc) structures while galectin-1 prefers the terminal LacNAc-
residues in branched structures [18, 19]. Thermodynamic studies by Di Lella and 
colleagues [60] showed how ligand binding to galectin-1, with additional galectin 
dimerization, provided thermal stabilization of the protein without altering its 
structure. This shows how the stability and functional properties of galectins 
involve different events, from ligand presentation and binding to possible galectin 
self-association, which all have to be in an appropriate order and magnitude. 

A broad spectrum of possible glycan ligands and their affinities and 
specificities for different galectins (dictated by the galectin CRD and 
monomer/multimer form) by far exceeds the number of processes currently 
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connected to galectin-ligand interaction; hence, many more are waiting to be 
discovered. 

Expression and cellular localization 

Galectins can be found in any given organism and in almost all cell types, 
though different cells usually express different sets of galectins [61]. Synthesized 
on cytoplasmic ribosomes as typical cytosolic proteins, galectins lack a signal 
peptide to be targeted for classical ER/Golgi secretion pathway [55]. Nevertheless, 
galectins are also found outside the cell, at the cell surface or in the extracellular 
matrix (ECM) [62]. In a, so called, non-classical secretion, galectin-3 and galectin-
1 accumulate below the plasma membrane, followed by an export mechanism that 
appears to involve the formation of membrane-bound vesicles [63]. In this way 
galectins can remain segregated from their glycoprotein ligands that traverse 
membranes in a classical way, until they are secreted outside the cell [64]. Cells 
can have a wide range of capacities to secrete galectins, tightly controlled during 
development, also depending on the cell type, polarization and, as often observed, 
malignant transformation. The dynamics of galectin intracellular transport and 
integration into the extracellular space is one of the ways to control galectin 
behavior. Interestingly, galectins can have opposing effects on the opposite sides 
of the cell membrane. For example, galectin-3 can either protect cells from 
apoptosis when functioning intracellulary, or promote cell death when functioning 
extracellulary. T and B cells overexpressing galectin-3 are protected from 
apoptosis [65, 66], while extracellulary added galectin-3 induces T cell apoptosis 
[67]. 

 

Galectin-3

Structurally and functionally unique, galectin-3 was first discovered in 1982 
as a specific macrophage marker, named Mac-2 [68]. In parallel, galectin-3 was 
isolated from mouse fibroblasts by binding to asialofetuin (ASF) [69], and named 
CBP35 (carbohydrate binding protein with molecular weight of 35 kilo Daltons). 
Studies by Wang and others provided early knowledge about galectin-3 expression 
in various cells and cell compartments [70-74] as well as carbohydrate binding 
specificity [69, 75]. Soon after its initial characterization, it was found that the 
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expression of galectin-3 varies between functionally different macrophages [76], 
moreover, it was associated with a certain subtype of macrophages with cytotoxic, 
antitumor effect [77]. Around the same time Liu worked on a specific IgE binding 
protein, that he called �BP, which had all the characteristics of galectin-3. Not 
much later, �BP was proved to be identical to CPB35 [78], Mac-2 [79, 80], RL-29, 
HL-29 [81] and L-30 [82]. 

cDNA sequencing showed that albeit galectin-3 was a secreted protein, it 
lacked the usual signal peptide [79], a characteristic typical for all galectins. Even 
with reported connection to CBP35 and Mac-2, Liu committed to the name �BP in 
a review from 1990 that focuses on galectin-3 molecular structure and relationship 
with other lectins, providing some important clues about its possible functional 
role [83]. The aptness of the name S-type lectins used for galectins at the time, 
came in question when it was found that galectin-3 maintained its carbohydrate 
binding activity also in non-reducing conditions [84]. The name S-type lectins was 
later occasionally used to describe galectins as soluble proteins [85]. Furthermore, 
in an attempt to explain apparently disparate functions connected with galecitin-3, 
Woo suggested that besides forming heterodimers with other proteins, galectin-3 
could also from disulfide-linked homodimers, i.e. self-associate [84]. This 
confirmed earlier speculations on both, unnecessary reducing conditions and self-
association [86].  

Galectin-3 research continued to grow ever since, yet its functional 
properties are still mostly unknown and in need of further exploration. 
 

Galectin-3 from N to C 

Even before it was officially called galectin-3 [46] its two domain structure 
was defined. The LGALS3 gene, on chromosome 14, codes for a 29-35 kDa single 
galectin-3 polypeptide chain [87]. One CRD on the C-terminus has both 
hydrophobic and hydrophilic regions typical of globular proteins, and one distinct 
N-terminal domain composed of repeats of a proline and glycine rich sequence, 
but without lectin activity [85]. Nevertheless, the N-terminal domain participates 
together with the CRD in glycan binding [88, 89] and it is responsible for, at least 
one type of, galectin-3 multimerisation [90]. Although probably all mono-CRD 
galectins form dimers and higher oligomers, galectin-3 is particularly interesting 
in this regard. Massa at al. suggested that oligomerisation results in positively 
cooperative binding of galectin-3 to immobilized ligand [91], independent of the 
structural properties of the ligand. Cooperative binding was inhibited by lactose, 
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suggesting that lectin activity also contributed to the oligomerisation trough N-
terminus. Physiological significance of coopeartivity was soon recognized and 
motivated further research which could reveal additional details of such binding. 
One highly relevant example of cooperativity is modulation of the immune 
response by galectin-3. Oligomerisation of galectin-3 bound to T cell receptor 
(TCR) results in formation of galectin–glycoprotein lattice that restricts TCR 
recruitment to the site of antigen presentation. In the opposite scenario, when 
galectin-3 is unable to induce lattice formation, T cells may become over-reactive 
through TCR signaling, increasing the susceptibility to, e.g. autoimmune diseases 
[92, 93].  

Besides enabling oligomerisation, the N-terminus of galectin-3 has at least 
two more reported functions. It governs galectin-3 secretion by interacting with a 
number of cytoplasmic or membrane proteins along the secretory pathway, and 
facilitates galectin-3 aggregation at the cytoplasmic side of plasma membrane 
during secretion [94-96]. N-terminus is also suggested to direct anti-apoptotic 
properties of galectin-3 through phosphorylation of Ser6 [97]. The anti-apoptotic 
effect of galectin-3 was also connected to its conserved 180NWGR183 motive near 
the C-terminus, since the mutation at position 182 (G182A) abrogated galectin-3 
anti-apoptotic activity [52]. Moreover, the NWGR sequence of galectin-3 is 
homologous to the anti-apoptotic protein Bcl-2 [98]. It is possible that the N-
terminus and CRD act in concert to support the full anti-apoptotic function of 
galectin-3, as they do during galectin-3 glycan binding and oligomerisation.  

Galectin-3 C-terminus contains the whole CRD folded into two slightly bent 
anti-parallel W-sheets, with the concave surface forming a glycan binding groove 
with sites A, B, C, and D [52, 99]. Binding of a monosaccharide in the galectin-
defining site C is normally weak, with a Kd in the low mM range, but other sites 
can enhance or decrease affinity depending on what saccharides are linked to the 
galactose moiety bound in site C (Figure 3) [52]. The galectin-3 CRD is fairly 
flexible and can get preorganized to recognize a ligand. In the absence of a ligand, 
water molecules acquire ligand-like shape of oxygens within the CRD [100, 101]. 
Besides being important for ligand binding, water can form an adhesive hydrogen-
bond network between the hydrophilic protein interfaces, thus enabling protein 
self-association and perhaps cooperative binding [102, 103]. In this way water 
could contribute to galectin-3 self-association, e.g. through its CRDs since the 
ligand binding groove contains mostly hydrophilic amino acids. Yang [104] 
suggested that galectin-3 self-associates through CRDs facing each other (Figure 
5), while the ligand binding to CRD prevents CRD to CRD self-association. Other 
types of self-association could also be helped by water molecules. 
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Figure 5. Galectin-3 self-association as suggested by Yang [104]. Galectin-3 can self-
associate through its CRD (a) and N-terminus, or both, simultaneously (b). After binding 
to a monovalent (c) or a multivalent (d) ligand, CRD to CRD self-association is prevented, 
thus only self-association through N-terminus can occur (c and d). Reprinted with 
permission from [104] Copyright 1998, American Chemical Society. 
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Galectin-3 ligands 

Galectin-3 lectin activity is thought to be a driving force for a majority of its 
physiological functions. The galectin-3 binding to poly(LacNAc) components of 
many N-glycans has been connected to cell adhesion [105, 106], receptor turnover 
[107], interaction with pathogens [108, 109] and intracellular trafficking, of both 
galectin-3 [110] and other proteins, generally glycoproteins [111, 112]. 
Availability of galectin-3 ligands depends on the time and place of their 
expression, but also on the expression and the activity of W-1,6-N-
acetylglucosaminyl transferase (Mgat5 or GnT-V), an enzyme that creates 
galectin-3 preferred sugar moieties on its protein ligands [87, 92]. Mutational 
studies of galectin-3 CRD (Figure 3) revealed its multifaceted specificity defined 
by ligand structure and CRD properties [52]. Only a certain match will, e.g. steer 
the intracellular sorting, as seen for galectin-8 [113], activate immune cells [114], 
and even decide in a life and death interplay of cancer and other cells [115]. Apart 
from fine-tuned specificity, certain physiological effects require complete block of 
galectin-3 ligand binding. As discussed under Sialic acids, �-2, 6 sialylation can 
switch off galectin-3 binding [17], thus preventing galectin-3 induced apoptosis of 
some cells, mostly cancer cells [116, 117]. Another proposed “on and off” switch 
for galectin-ligand binding is phosphorylation of galectin-3 N-terminal Ser6, also 
suggested to prevent galectin-3 multivalent interactions necessary for its biological 
functions [118]. Furthermore, phosphorylation at Tyr107 renders galectin-3 
resistant to cleavage by prostate specific antigen (PSA) [119].  Since PSA is a 
glycoprotein, galectin-3 binding to PSA glycans could be an essential step in 
galectin-3 cleavage by PSA, and phosphorylation abrogates galectin-3-glycan 
binding. PSA-resistant, intact galectin-3 may contribute to the progression of 
prostate cancer through multivalent interactions resulting in downstream 
oncogenic signaling.  

In addition to its lectin activity, galectin-3 can interact with several 
unglycosylated molecules through protein–protein interactions. It is generally 
assumed that this type of galectin-3 interaction occurs where no galactoside-
bearing ligands are present, mainly in the nucleus and cytoplasm [120]. An 
intriguing finding was that the galectin-3 interaction with the cytosolic, anti-
apoptotic Bcl-2 could be inhibited by lactose, even though Bcl-2 is not a 
glycoprotein [121]. Binding probably occurs through shared NWGR motif and the 
carbohydrate-binding site of galectin-3 is closely involved in this molecular 
interaction, responsible for the anti-apoptotic effect of galectin-3. Conversely, 
galectin-3 protein-protein interaction with Nucling, another cytosolic 
unglycosylated protein, was shown to induce apoptosis. Nucling also inhibited 
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NF-�B mediated galectin-3 expression [122]. Furthermore, galectin-3 can interact 
with the spliceosome in the nucleus, acting as a pre-mRNA splicing factor. This 
function is managed by both galectin-3 and galectin-1, but their activity in the 
nucleus is mutually exclusive [123].  

Deeper understanding of the mechanisms of galectin-3-ligand binding is 
necessary for exploring versatile galectin-3 functions. They could in part be 
explained by its unique structure, coordinated activity of its CRD and N-terminus 
and a multitude of its glycan and other ligands.  
 

Galectin-1 and 3 in the immune system

The circumstances of its discovery (as a marker of inflammatory 
macrophages, Mac-2, and IgE binding protein) instantly revealed the intimate 
relationship of galectin-3 with the functions of the immune system. One is 
destined to bump into galectin-3 when studying immunity related genes, receptors 
or the regulation of the immune response. This is also true for many other 
galectins. Even though it was hard to define their precise role, a more general 
characterization emerged for, e.g. galectin-3, as the regulator of immune response, 
whether positive or negative [87]. Ligand binding is an obvious modifier of 
galectins’ functions, but the search for their physiological ligands was not that 
straightforward. Since W-galactosyl residues could not be found in the cytosolic 
compartments, it was believed that galectins are stored in the cytosol but play a 
functional role at another location [124]. Indeed, once cytosolic galectin-3 exits 
the cell it can bind extracellular matrix proteins, e.g. laminin, promoting the 
adherence or migration of the immune cells along basement membrane [125]. 
Besides controlling the inflammatory response, galectin-3 can mediate cell 
attraction and adhesion, thus supporting the progression and metastasis of various 
cancer cells, including melanoma [106], breast [126] and prostate [127].  

 

Host-pathogen interaction 
Pathogenesis of many infections involves interaction of pathogen’s surface 

glycans with host lectins. Galectins have been discovered to bind glycans on the 
surface of viruses, bacteria, protista and fungi, potentially acting as pattern 
recognition receptors (PRRs) [128]. There is evidence that galectin-1 can promote 
HIV-1 infection through cross-linking HIV-1 protein gp120 and CD4 on T cells 
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[129]. Galectin-3 was also shown to bind a pathogen component, i.e. bacterial 
lipopolysaccharides (LPSs). With its CRD galectin-3 binds to lactosyl moieties on 
LPS, and with its N-terminus to the lipid A part of the LPS molecule [130]. In 
2008 Li reported that galectin-3 knock-out (KO) mice experience LPS induced 
shock associated with excessive induction of inflammatory cytokines and nitric 
oxide production, because galectin-3 was not available to bind and sequester this 
endotoxin [131]. A newer, 2011 finding suggested that LPS binding can induce 
galectin-3 oligomerisation trough N-terminus, consequently decreasing LPS 
concentration threshold for neutrophil activation ten times [132]; the sooner 
neutrophils are activated, the better chance for pathogen eradication. Once again 
galectins showed their duality; they can be used by sugar-coated pathogens to 
promote infection or conversely, they help to kill the invader by inducing a host 
immune response.  

Galectins can potentially act as opsonins, cross-linking two or more cells by 
binding to their surface carbohydrates. This interaction is important for the 
phagocytosis of bacteria at sites where typical opsonins, as antibodies and 
complement, are scarce, for example in the urinary tract [133]. Indeed, galectin-3 
can bind lipooligosaccharides of certain gram negative bacteria [108] (N. 
gonorrhoeae and H. influenzae) and cross-link them to neutrophils [134]. 
Similarly, galectin-4 and galectin-8 have been shown to specifically recognize and 
kill strains of E. coli that express the blood group B–related antigen [135]. 
 

Modulation of the immune response 
Galectins are often found to modulate the functions of immune cells by 

inducing functional changes and by promoting or preventing apoptosis of certain 
immune cell sub-populations. Galectin-3 cross-linking ability could lead to the 
activation of mast cells; besides IgE, galectin-3 binds the IgE receptor. It is thus 
possible that galectin-3 acts through cross-linking receptor-bound IgE, receptor 
alone, and both [136]. 

Given that some galectins can be co-expressed in a certain 
microenvironment, the cross-talk between them is another key aspect to be 
considered. For example, galectin-1 was found to provide a co-stimulatory signal 
for naive and antigen (Ag) specific T cells [137], similar to galectin-8 [138], 
through abundant and heavily glycosylated cell surface mucin CD45 [139]. 
Galectin-3 was shown to prevent galectin-1 and galectin-8 co-stimulation of T 
cells by negative regulation of TCR [137]. Binding to TCR can lead to galectin-3 
oligomerisation, preventing TCR lateral mobility after surface lattice formation 
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[93]. Galectin-1 was also shown to selectively induce apoptosis of pro-
inflammatory Th1 and Th17 cells, but not naive Th2 cells [140], hence it induced 
the synthesis of anti-inflammatory IL-10 and other Th2 cytokines [141]. 
Moreover, Th1 cells secreted galectin-1 that further sustained Th2 skewing [142]. 
Galectin-1 was suggested to be of key importance in sustaining pregnancy and 
preventing fetal loss by balancing Th1 and Th2 response and by restoring T cell 
homeostasis [143]. On the other hand, added galectin-3 was found to induce 
phosphatidylserine exposure, an early event in apoptosis, in activated T cells, even 
though not necessarily followed by cell death [144]. Induction of apoptosis was 
found to be unselective for Th1 and Th2 cells [140]. In cancer, galectin-3 can 
indirectly promote tumor growth by inducing apoptosis of tumor-reactive T cells 
[145], or impairing their function by preventing TCR and CD4/CD8 co-
localization [146]. Similarly, galectin-1 contributes to tumor immune escape by its 
overall immunosuppressive activity [147].  

Galectin-3 location is recurring as an important functional modifier. As 
mentioned earlier, while extracellular galectin-3 induces cell death or at least 
phosphatidylserine exposure, ectopic galectin-3 expression in human T cells was 
shown to prevent apoptosis induced by staurosporine and anti-Fas receptor 
antibody [121, 148]. Furthermore, galectin-3 was connected to development of 
diabetes. Namely, galectin-3 KO mice were more resistant to induced diabetes 
than wild type (WT) mice [149]. Still, there could be benefits from galectin-3 in 
diabetes; by binding to AGE, typically found in diabetes, galectin-3 can prevent 
AGE induced tissue injury [150]. Galectin-3 was also suggested to be beneficial in 
a mouse model of asthma. Intranasal administration of galectin-3 cDNA reduced 
airway inflammation after antigen challenge [151, 152]. In another study, galectin-
3 KO mice presented less severe airway inflammation and hyper-responsiveness 
compared to WT mice [153], again strengthening the possibility that the galectin-3 
location strategically alters its biological function. Galectin-3 can also contribute 
to atherosclerosis by sustaining inflammation in the atherosclerotic plaque [154]. 

Both galectin-1 and galectin-3 are able to activate oxidative burst of human 
neutrophils [155, 156], and galectin-3 activity is dependent on both the CRD and 
the N-terminus [157]. Both domains are also necessary for galectin-3 specific 
chemotactic capacity for monocytes and macrophages [158]. 

Obviously, galectins demonstrate a plethora of functions and it is probably 
safe to state that some responses will be induced when any recombinant galectin is 
added to any of the immune cells [159]. In general, it appears that galectin-1 has a 
broad spectrum of anti-inflammatory activity, while galectin-3 has an overall pro-
inflammatory activity. Galectin-1 has thus been an attractive immunosuppressive 
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agent in autoimmune diseases or other conditions underlined by chronic 
inflammation [160].  

The broadness of galectin-3 immune-regulatory potential in various T cell 
mediated inflammatory processes, autoimmune diseases and tumor progression, 
justifies the continuous search for galectin-3 based therapies, mainly focusing on 
galectin-3 specific inhibitors. The search was often relying on plant products as 
safe and easily available. Various biologically active pectin preparations and plant 
galactomannans have been repeatedly suggested to prevent cancer metastasis and 
inflammation, by inhibiting galectin-3 and perhaps also other galectins [127, 158, 
161]. Even if galectin-inhibitor interaction was a focal point of many studies, most 
of them did not directly measure the binding of galectin to an inhibitor, creating a 
need for more in depth biochemical characterization of such interactions. 

 

Galectin-3 in macrophages 

Nowadays, galectin-3 can hardly be used as a marker of activated 
macrophages as when it was initially discovered [68], considering its wide 
expression in a variety of other cells and tissues [162]. Galectin-3 was found in 
almost all cells of the immune system; in neutrophils [163], eosinophils [164], 
basophils and mast cells [136, 165], Langerhans cells [166, 167] and dendritic 
cells [168]; but also in a number of other cell types like fibroblasts [71], different 
skeletal tissue cells [169-171], keratinocytes [172], Schwann cells [173] and 
gastro-intestinal cells [174], as well as in epithelial [175-179] and endothelial 
[180] cells from tissues and organs all over the body. Still, macrophages by far 
exceed any other cell type in the amount of produced galectin-3. Actually, 
galectin-3 is the fifth most expressed protein of all proteins in macrophages (F.O. 
Martinez, Sir William Dunn School of Pathology, University of Oxford, Oxford, 
UK, personal communication). Even if not specific for macrophages, its 
fundamental role in macrophage function is undoubted.  

 

Macrophages’ polarization 
In a 2012 review simply called The Macrophage [181], these immune cells 

were defined as professional phagocytes involved in maintaining basic tissue 
homeostasis by the clearance of erythrocytes, apoptotic cells and cellular debris, 
and tissue remodeling. Furthermore, macrophages are the key players in the host 
response to pathogens, resolution and repair after infection [182]. Multiple 
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functional properties of macrophages are made possible by their remarkable 
plasticity. The activation phenotype of a particular macrophage depends largely on 
the surrounding microenvironment [183]. The simplest classification divides a 
spectrum of activated macrophages in the two opposing phenotypes: classically 
activated, M1 and alternatively activated, M2, macrophages [184, 185]. Even if 
the opposing phenotypes can simplify the understanding of macrophage function, 
all the subtypes in between should still be considered as unique functional entities. 
Dividing all the possible macrophage phenotypes to either M1 or M2 is like seeing 
the rainbow only in yellow and purple, missing out on all the colors in between.  

In tissues, macrophages respond to environmental cues like microbial 
products, cell damage or activated lymphocytes, by the acquisition of distinct 
functional phenotypes. Stimulation of macrophages by TLR ligands (e.g. LPS) and 
IFN-� pushes the activation towards inflammatory, M1 phenotype, while 
alternative, M2 activation is stimulated by IL-4/IL-13 (Figure 6). 

 

 
Figure 6. Classical and alternative macrophage activation. Resident tissue 
macrophages respond to, e.g. bacterial LPS (that binds surface TLR4 receptor) and 
produce inflammatory cytokines like TNF-�, IL-1 etc. On the other hand, IL-4 and IL-13 
activate resident macrophages through corresponding receptors and initiate alternative 
macrophage activation, marked by elevated arginase activity and a production of anti-
inflammatory IL-10. 

 
These states resemble the Th1–Th2 polarization of T cells [186-188]. Once 

polarized into either M1 or M2 direction, macrophages can, to some extent, be 
reversed in vitro and in vivo [189, 190]. The changes in macrophage activation 
dynamically follow the processes of initiating and sustaining inflammation 
towards resolution and tissue repair [191]. The distortion of this dynamic is 
frequently associated with pathology, leading to either inadequate immune 
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response or chronic inflammation. There have been many suggested markers for 
different macrophage subtypes, mostly trying to distinguish between far ends of 
activation phenotypes. Typically reported M1 markers are TNF�, Cox-2, iNOS 
and IL-1, while arginase, Fizz1, PPAR�, IL-10 and mannose receptor (MR) have 
been connected to M2 phenotype (Figure 6) [192-195]. Given the spectrum of 
macrophage activation states, these markers are hardly reliable, but rather offer an 
orientation point while exploring the busy macrophage world. 

 

Galectin-3, a specific marker for macrophage phenotypes? 
Even though galectin-3 is not exclusively expressed in macrophages, recent 

studies indicate that it acts at a decision point during macrophage activation, 
particularly in M2 direction [196]. More than 20 years ago it was observed that 
certain immunosuppressive macrophage phenotype is marked by an increase in 
surface galectin-3 expression [197]. These macrophages were found in tumor sites, 
as a response to granulocyte-macrophage colony-stimulating factor (GM-CSF) 
produced by cancer cells [198]. Galectin-3 on the surface of cancer cells was 
suspected to be responsible for their suppressive properties by inhibiting T and B 
cell mitogenic reactions [199]. Not long after, it was found that the amount of 
surface galectin-3 does not directly translate to an overall galectin-3 expression in 
different macrophage subtypes [200]. Namely, inflammatory thioglycolate-elicited 
peritoneal macrophages also increased surface galectin-3 expression. However, 
after additional LPS treatment, surface galectin-3 noticeably decreased, while 
overall galectin-3 expression showed only minor changes. Surface expression of 
galectin-3 most likely correlates with the appearance of preferred galactosyl 
residues on cell surface glycoproteins, a process regulated during development and 
cell activation [201, 202]. Gathered information by mid ‘90s led Sato and Hughes 
argue against any specific role of galectin-3 in macrophages, despite its 
constitutive synthesis and secretion by both resident and variously stimulated 
macrophages [200]. Nevertheless, new evidence connecting galectin-3 to 
macrophage specific functions continued to appear. First, it was confirmed that the 
transition from circulating monocytes to differentiated macrophages is marked by 
a dramatic increase of total cellular galectin-3 level [203]. This dramatic shift was 
again seen during induced differentiation of a monocyte cell line, THP-1, to 
adherent macrophages [204]. Next, it was seen that endogenous secreted galectin-
3 could, by autocrine or paracrine lectin activity, sustain macrophage activation 
[203].  
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In studies with KO mice it was observed that galectin-3 null macrophages 
had decreased areas of adherence in culture, unlike highly spread wild type 
macrophages [205]. Since cell surface restricts phagocytosis, one of the basic 
macrophage functions, galectin-3 again emerged as the key player in macrophage 
biology. Galectin-3 KO mice also showed an overall attenuated peritoneal 
inflammatory response after antigen challenge. 

More than a decade ago it was observed that macrophages exposed to 
modified lipoproteins [206] or AGE [207] overexpress galectin-3. They resembled 
classically activated macrophages, as we see them today, even though classical 
activation was repeatedly coupled to decreased overall galectin-3 expression [196, 
200]. These macrophages were suspected to participate in the development of 
atherosclerotic lesions [204], a notion confirmed on several occasions for 
inflammatory macrophages [208].  

There is an apparent lack of agreement in published data on the amount and 
the role of galectin-3 expressed in different macrophages. Recent studies on 
macrophage cell models, using either primary cells or cell lines, showed that both 
M1- and M2-like macrophages increase galectin-3 production, with varying 
amounts of surface bound and secreted galectin-3 [209, 210].  

Great diversity of macrophages and their markers depend on the 
macrophage source, experimental design and many other factors. Thus, it has been 
difficult to strictly characterize M1 and M2 markers, specific functions of each 
subtype and their dependence on galectin-3. Less fixed standpoint could better 
explain the dynamic interplay between macrophage differentiation and the 
expression of different markers. Galectin-3 should perhaps be considered as 
macrophage type-sensitive rather than macrophage type-specific marker.  
 

Specific roles of galectin-3 in macrophages 
Galectin-3 might not be specific for a certain macrophage subtype, 

nevertheless, several basic macrophage functions were shown to be dependent on 
galectin-3.  

Galectin-3 plays a critical role in the phagocytosis of apoptotic cells and 
IgG-opsonized material by macrophages [211]. Sano and colleagues assumed that 
the formation of phagocytic cups and phagosomes was controlled by cytosolic 
galectin-3, since the phagocytosis was not inhibited by added lactose. This finding 
was in agreement with a conventional view that all (and only) extracellular 
functions of galectin-3 are mediated by glycan binding.  
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Galectin-3 can serve as a macrophage pattern recognition receptor. This role 
has been assigned primarily to the extracellular, secreted galectin-3, conveyed by 
its CRD binding to glycan moieties on invading pathogens [109]. Pathogen 
recognition and binding could be an initial step leading to either pathogen cell 
death [212] or phagocytosis and neutralization of the pathogen inside the 
macrophage. Similar to pattern recognition activity of galectin-3, connected 
mostly to xenoproteins or other pathogen related structures, galectin-3 can also 
serve as a sensor for physiological components, like LDL (low density lipoprotein) 
or AGE. Interaction of galectin-3 with lipoproteins or advanced 
glycation/lipoxidation endproducts can result in their removal [213] or it can 
provide an instruction signal for a functional change of macrophage phenotype 
[204, 206]. 

Galectin-3 produced by macrophages can also act in a cytokine-like fashion. 
The provided signal can be used either by the macrophages themselves, to sustain 
galectin-3 dependent activation [214], or it can provoke various downstream 
effects in the surrounding cells. For example, it has been suggested that galectin-3 
may act in the regulatory loops of the immune response by inhibiting IL-12 and 
the expression of other Th1 cytokines [215]. Galectin-3 was also shown to induce 
myofibroblast activation and collagen production by fibroblasts [214]. As a 
consequence, galectin-3 can promote fibrosis in lungs [216], liver [217], kidney 
[218], heart [219] and other organs.   

Besides regulating inflammation and tissue remodeling through its roles in 
phagocytosis, pattern recognition and signaling, an emerging view connects 
galectin-3 to intracellular sorting and trafficking of glycoproteins. Related 
publications hitherto used mostly polarized cells or cell systems other than 
macrophages, yet it is plausible that galectin-3 would also direct trafficking of 
glycoproteins related to macrophages’ functions.   
 

Galectin-3 trafficking 

The early observations that galectin-3 can reside in the cytoplasm, the 
nucleus, on the cell membrane, as a part of the extracellular matrix or soluble in 
human plasma, indicated that galectin-3 undergoes extensive trafficking and 
shuttling between different cellular compartments [220]. Galectins have an 
intriguing ability to be secreted without a conventional secretion signal, avoiding 
classical ER-Golgi pathway [221], a feature shared by only a few other proteins, 
as certain cytokines, like IL-1 [222] and several growth factors [63]. Another early 
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finding was that nuclear localization of galectin-3 is highly regulated, rather than 
due to the passive diffusion through nuclear pores [223], despite the lack of a 
specific nuclear transport sequence. Complete galectin-3 CRD seemed absolutely 
essential for nuclear transport, while the N-terminus was not necessary but it 
promoted nuclear entrance of galectin-3 [224]. Studies also showed that galectin-3 
secretion and intracellular translocation use two different pathways, with an 
apparent cross-talk between them, since disruption of intracellular galectin-3 
localization indirectly promoted the secretion of galectin-3 [225]. With the use of 
polarized epithelial cells, it was shown that galectin-3 can distinguish between the 
apical and the basolateral membrane, directing most of its exocytosis towards the 
apical cell membrane [110]. Prior to its exocytosis galectin-3 was found to be 
localized in specific endosomal domains involved in cargo recycling.  

Only a few studies have investigated the endocytosis of galectin-3. 
Galectin-3 vesicular import through apical membrane of polarized epithelial cells 
was observed to be very rapid (1 min), with subsequent delivery into subapical 
recycling endosomes (within 10-20 min). This process was entirely dependent on 
the galectin-3 CRD since it was inhibited by lactose and a point mutation in the 
galectin-3 CRD (R186S) that strongly reduced galectin-3 sugar binding. 
Furthermore, all available studies suggested that sugar binding of externally added 
galectin-3 is absolutely required for its attachment to the cell surface and a 
prerequisite for endocytic uptake. This has been shown in breast carcinoma cells 
[226], polarized epithelial cells mentioned above and fibroblast like cells [110].  

Besides different mechanisms used for galectin-3 trafficking, some 
glycoproteins use galectin-3 as a part of their own trafficking mechanism. The first 
indication that galectin-3 was involved in glycoprotein sorting was obtained using 
polarized epithelial cells, MDCK (Madin-Darby Canine Kidney). Galectin-3 was 
absolutely necessary for apical sorting of the non-raft-associated proteins, whereas 
there was no effect on the polarized targeting of raft-associated proteins. Galectin-
3 knockdown caused missorting of apical glycoproteins to the basolateral 
membrane.  

It was observed that galectin-3 accumulates in post-Golgi carriers and acts 
as an apical sorting receptor for certain set of glycoproteins. Delacour and 
colleagues [227] suggested an interesting mechanistic sequence for the observed 
sorting events: galectin-3 binding to a glycoprotein initiates a galectin-3 
oligomerization process and as a result, galectin-3 forms clusters with bound 
glycoprotein, which can directly serve as a starting point for vesicle formation, an 
ideal vehicle for protein trafficking. As it was confirmed that galectin-3 driven 
oligomerization into large cross-linked clusters is essential to initiate correct 



38 

sorting, additional mechanisms were suggested; one involved the formation of 
increased membrane curvature and the other the assembly of a cytosolic coat, both 
relying on galectin-3 self-association and subsequent glycoprotein clustering 
[228]. Allowing for a conventional view that galectin-3 forms oligomers of up to 5 
molecules by binding through their N-terminus [90], it is hard to envision how a 
cluster of galectin-3 pentamers, with flanking glycoproteins, could assist in vesicle 
generation, membrane curvature formation or cytosolic coat assembly. If a 
glycoprotein would induce rapid accumulation of more than 5 galectin-3 
molecules, it could better support the suggested mechanism. 

Galectin-3 can, not only direct sorting of glycoproteins based on their 
preference towards apical or basolateral surfaces, but also cause the trafficking 
divergence if sorted protein exists in two or more distinct glycoforms. Transferrin, 
for example, exists in at least 2 glycoforms and only one is bound by galectin-3. 
Compared to the transferrin fraction that does not bind galectin-3, the bound 
fraction undergoes a faster intracellular recycling route [15]. Transferrin is an 
extensively studied glycoprotein with an important function in iron delivery after 
cellular uptake [229], yet, up until recently there was no notion on the functional 
role of transferrin glycans.  

Given the high diversity of complex N-glycan structures, it could be 
expected that galectin-3 facilitates many more sorting events, and that other 
galectins also share this function, each directing the traffic of a particular set of 
glycoproteins based on their glycan determinants [230]. It has been shown that 
galectin-1 regulates the endocytosis of the hemoglobin-haptoglobin complex by a 
subset of alternatively activated macrophages, based on haptoglobin glycoforms 
[35]. The usefulness of such a distinction between haptoglobin glycoforms might 
not be directly evident, but considering the cytotoxicity of the free hemoglobin, it 
becomes clear that the removal of hemoglobin-haptoglobin complex by 
macrophages strongly contributes to tissue homeostasis.  

Galectin-3 trafficking could also be connected to its function as an opsonin. 
It was demonstrated that galectin-3 rapidly accumulated around vacuoles 
containing viable M. tuberculosis [231].  It is possible that galectin-3 was 
incorporated into a phagosome during phagocytosis of the mycobacterium. 
However, the rapidly increasing accumulation over time points to delivery of 
galectin-3 to the phagosome via the sorting/recycling endocytic pathway, possibly 
after high-order galectin-3 multimerisation. Galectin-3 was also found to be 
intersecting with the endocytic route of the phagocytic vacuoles lysed by the 
invading bacteria. It was suggested that lysed vacuoles exposed a glycan galectin-
3 ligand that triggered fast galectin-3 recruitment and lattice formation [232]. As 
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soluble receptor, galectin-3 could also be involved in the recognition, host cell 
interaction and the trafficking of M. tuberculosis mycolic acids [233]. 

Endocytosis has been recognized as a mean for coordinating the type, 
duration, and amplitude of signals transduced by surface receptors. The initial 
signal can either be blocked or amplified by receptor surface retention. It was 
suggested that the galectin-3-glycan lattice negatively regulates TCR signaling by, 
either reducing lateral mobility of the receptor or by inducing TCR internalization 
and inhibiting its recycling back to the T cell surface [92, 93]. Furthermore, there 
is evidence that galectin-3 can inhibit the execution of the apoptosis signal by 
forming a cell surface glycan lattice, thus preventing the endocytosis of a certain 
death receptor [112]. Conversely, maintaining the epidermal growth factor 
receptor (EGFR) at the cell surface has an opposite effect. Tumor cells 
overexpress Mgat5 modified N-glycans on EGFR. Binding of galectin-3 to those 
N-glycans leads to lattice formation that causes tumor proliferation through 
prolonged EGFR signaling [234, 235]. In addition, regulation of EGFR trafficking 
and expression by galectin-3 can influence the mobility of a whole cell. Impaired 
EGFR trafficking by intracellular, but not surface galectin-3, was shown to reduce 
keratinocyte migration [236]. Bearing in mind that galectin-3 is a chemotractant 
for monocytes and macrophages [158] and that it can facilitate mobility of other 
immune cells by binding ECM proteins [125], the possibility arises that galectin-3 
could control trafficking of not only itself and specific glycoproteins, but of whole 
cells and perhaps even cell groups. 

Protein trafficking through endocytic/exocytic compartments, with a help of 
sorting proteins or modifying enzymes, is important for selective regulation of 
their function, activity and release. Cargo segregation into distinct pathways 
additionally enables selective cellular responses to various internal or external 
stimuli [237].  
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Present investigation 

Study aims 

Despite the extensive research in the glyco-field concerning structure and 
function of glycans, lectins and glycosylation processes, many areas are still left 
unexplored. The aim of this thesis was to pave an extra bit of path through that 
dense field, predominantly focusing on various aspects of galectin-3 function.   

The general aim was to further clarify functional properties of galectin-3, its 
role in the immune system linked to macrophages, glycoprotein and other ligand 
binding specificities. Several specific aims were set from the beginning of the 
experimental work for this thesis:  

� to study the mechanism of galectin-3 endocytosis in macrophages. 
� to investigate the role of galectin-3 in intracellular trafficking in different 

macrophages.  
� to study the interaction of galectin-3 with glycoprotein ligands in 

solution. 
 
Pursuing the aims above we obtained a set of puzzling results that generated a few 
additional questions:  

� what are the structural requirements for galectin-3 endocytosis in 
different cells? 

� what are the specific roles of alternative, M2, macrophages in relation to 
galectins? 

� what is the potency of small synthetic glycan ligands to inhibit galectin-3 
endocytosis? 

� what is the mechanism and biological significance of galectin-3 self-
association?  

� what is the inhibitory potential of citrus pectins and plant 
galactomannans for galectin-3 and other family members?  
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A broad stretch of posed questions required a multiple level approach with 
different experimental settings.  An adequate cell system was necessary to answer 
the questions concerning the biological aspects of galectin-3 function, while 
different biochemical techniques were needed to further explain the galectin-3-
ligand interaction.  

 

Cell based approach

Since the day of its discovery galectin-3 was closely linked to macrophage 
biology [68]. Therefore, a logical decision was to employ a monocyte-macrophage 
cell system for studying galectin-3 biological functions. We decided to use a 
human leukemic cell line (THP-1) cultured from the blood of a boy with acute 
monocytic leukemia [238]. Motivated by accumulating evidence showing how 
macrophage polarization has a deep impact on many biological functions [182], 
we also wanted to develop an in vitro system that resembles macrophage 
polarization in vivo. As discussed in detail in Paper I (Appendices), THP-1 cells 
have been used as a macrophage model in many studies. They can develop 
macrophage like functions following the treatment with phorbol-myristate-acetate 
(PMA) [239] or other stimulators, while the subsequent addition of cytokines can 
produce a homogenous group of cells similar to different in vivo stages of 
maturation and activation depending on the cytokine(s) used. We developed a 
system of classical, so called M1, and alternative, M2 macrophages using PMA 
differentiated THP-1 cells with the addition of E. coli LPS or Th2 cytokine, IL-4, 
respectively. As an intermediate, M0 macrophage phenotype, we used PMA 
differentiated THP-1 cells without subsequent activation in either M1 or M2 
direction. This M0, M1, M2 cell system was used for most of galectin-3 
endocytosis and trafficking studies, but also in an attempt to study the involvement 
of galectin-3 in trafficking of other glycoproteins like asialofetuin (ASF) and LDL. 
Furthermore, M2 macrophages were used to study the role of galectin-1 in the 
hemoglobin-haptoglobin complex endocytosis (Paper II).  

Several key findings concerning galectin-3 endocytosis were additionally 
confirmed in an ex vivo model, using monocytes isolated from human peripheral 
blood, differentiated to resemble M1 and M2 polarized cells. 

Other in vitro cell models served mostly as a part of comparative studies 
between the cells of the mononuclear phagocytic system (MPS), represented by 
THP-1 derived macrophages, and different non-MPS cells. These were lung 
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fibroblast cells HFL1, derived from a 16-18 week old human fetus with a finite 
lifespan of around 57 divisions. Moreover, HFL1 fibroblasts were used in an 
attempt to build an asthma model in a co-culture study with M1 and M2 polarized 
THP-1 cells. Alternative macrophages were shown to have an active role in 
exacerbating Th2 responses in asthma, including tissue remodeling and fibrosis 
[240].  

Another non-MPS cell line used was SKBR3, human mammary gland 
epithelial cells isolated from a breast cancer patient in 1970. SKBR3 cells 
additionally served as a galectin-3 non-expressing control, since THP-1, derived 
macrophages, and HFL1 cells constitutively express galectin-3. 

 

Biochemical approach 

The study of galectin-ligand binding, with the addition of other induced 
processes, like galectin-3 self-association, becomes particularly complex in a 
cellular system. Usually cells contain multiple galectin-3 ligands, other galectins 
and perhaps even their inhibitors. In order to enable more precise investigation of 
the mechanism, affinity and specificity of galectin-3-ligand binding, it was 
necessary to step out from the busy cell model. For this thesis we mostly used the 
fluorescence anisotropy assay to study galectin-3 interactions in solution. This 
method has been extensively used by our group to test interactions of different 
galectins, sugars, inhibitors, probes, complex glycoconjugates and multi-
component biological samples, like human serum. The method does not require 
physical separation of galectin and the ligand, i.e. the presence of unreacted 
components does not interfere with the measurement. Therefore, it is a quick, 
reproducible and very sensitive method, based on the movement of fluorescent 
molecules in the solution [241]. A fluorescently tagged molecule (probe) is freely 
moving in the solution and it gets excited by plane polarized light. Excited 
molecule now rotates very fast and by relaxation emits the light that is partially 
depolarized. If a fluorescent molecule is bound to a protein, the now larger 
complex will have a slower rotation after excitation, thus emitted light will be less 
depolarized (more polarizes). The emitted light is measured in two channels 
through a vertical (Ip) and horizontal (Ih) polarization filter respectively, and the 
polarization (P) signals are converted to anisotropy (A) that simplifies further 
calculations.  

P = (Ip-Ih) / (Ip+Ih)  A = (Ip-Ih) / (Ip+2Ih) 
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Fluorescence anisotropy can be used to measure ligand binding affinity 
either directly, or indirectly, by a competitive assay. In direct binding, increasing 
galectin concentrations are added to a fixed concentration of the fluorescently 
labeled ligand in solution. In competitive inhibition studies, galectin and the 
fluorescent probe are mixed in fixed concentrations, while the added inhibitor in 
increasing concentrations competes with the probe for galectin binding. Obtained 
anisotropy values can be used to calculate binding constants as explained in [241], 
but also to estimate the mode of galectin-ligand interaction, number of binding 
sites and possibly other occurring interactions [52, 242]. Fluorescent polarization 
was the basic method used for an extensive analysis of ligand-induced galectin-3 
self-association (Paper III) and for testing citrus pectin and galactomannan as 
potential inhibitors of galectin-3 and other galectins (Paper IV). 

While trying to round up a story of galectin-3, many other methods had to 
be used. Some of them will be mentioned as a support to General discussion; 
however all of them are thoroughly explained in appended manuscripts (Papers I-
IV). 
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General discussion 

Past 30 years of research still haven’t brought us closer to precisely define 
the function of galectin-3 in macrophages. Nevertheless, by now we know that the 
code written in glycans, read by galectin-3, translates to specific macrophage 
functions. Glycan structures carry a set of different information, essential for a 
macrophage to fulfill its intended purpose. Understanding galectin-3 recognition, 
fine specificity of its CRD and N-terminus, and cooperative binding, could finally 
link galectin-3 to relevant macrophage, thus also, other biological functions. Our 
initial findings on the cellular level urged us to narrow the focus down to galectin-
3 molecular interactions in solution. As a result, our understanding of functional 
properties of galectin-3 was greatly extended, from big to small, and back again. 

 

Galectin-3 from big to small 

Initial studies for this thesis focused on galectin-3 trafficking in the 
established system of M0, M1 and M2 polarized macrophages (Paper I). As a 
reference point, we first studied the endocytosis of galectin-3 in non-macrophage 
cell types, HFL1 and SKBR3. Both cell lines could internalize added galectin-3, 
but also galectin-3 mutant, which contained only the CRD without the N-terminus. 
Apparently, activity of the N-terminus, like cross-linking, was not necessary for 
endocytosis. Endocytosis was completely prevented by CRD binding inhibitors, 
including lactose, a potent synthetic inhibitor (TD139) and a mutation within the 
galectin-3 CRD (R186S) that made it deficient in binding to LacNAc, common 
galectin-3 ligand determinant. Another mutant (K176LN180T) with enhanced 
galectin-3 affinity for poly(LacNAc) residues but decreased for 2, 3 sialylated 
galactosides was endocytosed equally well as galectin-3 WT. All this was in 
agreement with previous findings in various cell types showing that galectin-3 
endocytosis was mediated by its lectin activity.  

To our great surprise this was not the case for differently activated 
macrophages within our THP-1 derived system. Endocytosis of galectin-3 in M1 
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macrophages appeared to be completely carbohydrate independent, possibly 
conveyed by its N-terminus, as we initially assumed. To our even greater surprise, 
we could observe endocytosis of the galectin-3 mutant that lacked N-terminus, 
plus remaining CRD had deficient glycan binding (R186S C). This revealed a very 
unique mechanism of, apparently, receptor mediated endocytosis in M1 polarized 
cells, without involving the galectin-3 N-terminus and tolerating very weak to 
none carbohydrate binding. Later, while studying ligand induced galectin-3 self-
association (Paper III), we came closer to a possible explanation for the R186S C 
mutant endocytosis, also bearing in mind previous findings that galectin-3 might 
take part in the assembly of trafficking vesicles by forming large glycoprotein-
galectin-3 clusters [228]. We found that a certain glycoprotein can induce galectin-
3 self-association, thus cluster formation, without involving the galectin-3 N-
terminus and the CRD affinity for the encountered glycoprotein can be very weak, 
just enough to initiate the nucleation process. This mode of galectin-3 self-
association was named type-C, to distinguish it from the previously proposed 
modes mediated mainly by the N-terminal domain, which we referred to as type-
N.  

Type-C self-association could also explain the observed unsaturable uptake 
of R186S mutant in M1 and M2 cells, even in concentrations higher than found 
physiologically. Activated macrophages greatly increase the expression of surface 
galectin-3 ligands, which can mediate rapid internalization of galectin-3 WT. 
When more and more galectin-3 was added, we could observe the saturation of 
receptor mediated endocytosis. The R186S mutant instead did not bind to 
macrophage surface ligands, or bound just enough to initiate (nucleation) type-C 
self-association. After oligomerisation was initiated, the formed R186S clusters 
could help the formation of vesicles that would in turn get internalized without 
signs of saturation.  

 
While studying galectin-3 endocytosis in different macrophages we also 

observed a difference between classically, M1, and alternatively, M2, polarized 
macrophages. We found that M2 cells are similar to non-macrophage cells since 
galectin-3 uptake could be inhibited by carbohydrates, but similar to other 
macrophage-like cells since R186S mutant was also internalized, but only if it 
contained its N-terminus. So far we could not connect our findings to any specific 
macrophage function, but some could be easily suspected. Macrophage 
phagocytosis was repeatedly connected to galectin-3. Phagocytosis of pathogens 
and other material is the basic function of inflammatory macrophages and one of 
the basic mechanisms to sustain tissue homeostasis. If M1 macrophages can utilize 
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carbohydrate independent galectin-3 endocytosis, it could be the major 
internalization route for various toxic components recognized by the galectin-3 
CRD, like bacterial LPS or LDL. To address this we tested galectin-3 involvement 
in LDL trafficking within our established macrophage model. The LDL particle 
contains a single apolipoprotein B-100 and a highly hydrophobic core consisting 
of polyunsaturated fatty acid and cholesterol molecules. LDL enables transport of 
cholesterol within the bloodstream and to the cells through LDL surface receptor 
[243]. For our study we used both native and oxidized LDL, as the latter is 
involved in the pathogenesis of atherosclerosis. Oxidized LDL undergoes receptor 
mediated endocytosis and accumulates inside monocytes, forming M2 like, foam 
cells. Small oxidized lipid components of LDL are potent inducers of reactive 
oxygen species (ROS) that can trigger cell apoptosis. The death of monocyte-
derived foam cells has been shown to promote coagulation and plaque rupture, 
worsening the prognosis of atherosclerosis [244]. As a part of our ongoing, 
unpublished work we separated native and oxidized LDL samples in to galectin-3 
binding and non-binding fractions using a galectin-3 affinity column (Figure 7) 
(also explained in detail for haptoglobin separation on a galectin-1 column in 
Paper II). We found that around 30% of oxidized and 40% of native LDL bound to 
galectin-3.  
 

 
Figure 7. Affinity chromatography of LDL on immobilized galectin-3. Galectin-3 was 
coupled to a NHS-activated Hi-Trap affinity column in a bicarbonate coupling buffer. LDL 
(native and oxidized) samples were circulated on the column for 30 min in cold and sealed 
for additional 30 min to enhance binding. The column was washed with PBS and fractions 
of the unbound LDL (flow through) were saved. Galectin-3 binding LDL was eluted with 
150 mM lactose. Protein concentrations of collected fractions were determined by protein 
assay and plotted as chromatogram in GraphPad Prism software.  
 
After separation, LDL was labeled with a red lipid dye and added to different 
macrophages for endocytosis (Figure 8). All cells in our system, M0, M1 and M2, 
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internalized both oxidized and native LDL, but we could not see the difference in 
the amount or localization between galectin-3 binding and non-binding LDL.  
 

 
Figure 8. Endocytosis of galctin-3 affinity column separated LDL in differently 
activated macrophages. After separating both native and oxidized LDL into fractions that 
bind or do not bind galectin-3, as explained in Figure 7, all 4 different LDL samples were 
labeled with fluorescent red lipid dye (Nile red). Unreacted dye was separated by size 
exclusion chromatography. Labeled LDL samples were independently added to M0, M1 
and M2 macrophages (differentiated as explained in Paper I). After 20 min of endocytosis, 
cells were washed with cold PBS, fixed with paraformaldehyde and nuclei were stained 
with blue DNA dye (Hoechst). Endocytosed LDL particles were observed and the images 
captured using Nikon eclipse TE2000-U fluorescence microscope equipped with a digital 
still camera. Bar is 10 μm. 
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Perhaps galectin-3 regulation of LDL trafficking is much more subtle than the 
detection limit of our current methods. By using LDL we wanted to see if there 
was a difference in endocytosis between the galectin-3 binding and non-binding 
fraction, while using a model glycoprotein, asialofetuin (ASF), we wanted to see if 
galectin-3 inhibitor could alter the endocytosis of unfractionated ASF. 
Macrophages can easily internalize ASF and galectin-3 was shown to bind to at 
least some of possible binding sites on ASF. Assuming that galectin-3 directs ASF 
trafficking through its lectin activity, in our ongoing studies we tested galectin-3 
glycan binding inhibitors, lactose and TD139. The results have not yet been 
published. ASF internalization in M1 and M2 macrophages remained 
uninterrupted despite the galectin-3 inhibitors treatment. Allowing for our novel 
finding that not all extracellular functions of galectin-3 are mediated by its CRD, 
but N-terminus could also be involved, and the fact that there might be an 
additional, non-glycan macrophage receptor for galectin-3, it becomes easier to 
reconcile uninhibited internalization of ASF, even if it was directed by galectin-3. 

Nevertheless, we observed a great importance of M2 macrophages in 
clearing toxic components from the cellular environment coupled with another 
galectin family member, galectin-1 (Paper II). After hemolysis, circulating free 
hemoglobin poses a toxic threat to cells. Haptoglobin forms a tight complex with 
hemoglobin that allows binding to the scavenger receptor CD163 on M2 
macrophages, leading to endocytosis of the complex and its neutralization [245]. 
We showed that galectin-1 can bind a certain haptoglobin glycoform, that is 
approximately 30% of the hemoglobin-haptoglobin complex. After endocytosis, 
the galectin-1 bound fraction is diverted from degradation to another, still poorly 
defined pathway. In cancer, almost 80% of hemoglobin takes this pathway of 
scavenging by haptoglobin [35]. Since M2 skewed macrophages are often related 
to cancer, increased binding of haptoglobin-hemoglobin to galectin-1 could steer 
the complex from degradation to, perhaps, a recycling pathway, allowing for the 
angiogenic activity of haemoglobin, thus promoting cancer growth and metastasis. 
 

Another major role of M2 macrophages is in tissue rebuilding after 
inflammation, or otherwise caused injury, by sending a repair signal to the 
surrounding cells. Fibroblasts around a macrophage-infiltrated healing wound or 
fibrotic tissue secrete higher levels of ECM components and proliferate more than 
fibroblasts from healthy tissues [246]. If the tissue repair balance gets distorted, 
the consequence might be tissue scaring, like it is often seen in asthma. There are 
numerous findings of M2 macrophages in vicinity of lung fibroblast, and it is 
known that both cell types are involved in lung fibrosis [247]. Finding a link 
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between the two could provide a therapeutic target for diseases presented with 
fibrosis and excessive scaring. This again puts galectin-3 in the focus, since it was 
shown that galectin-3 can stimulate the proliferation of �broblasts through several 
mechanisms; by attachment to fibroblast cell surface glycoconjugates, binding to 
intracellular receptors [248] or by inducing the secretion of inflammatory 
cytokines from macrophages [214]. We previously reported increased galectin-3 
expression in activated macrophages, coupled with galectin-3 secretion. Now, we 
wanted to investigate macrophage-fibroblasts interplay using THP-1 derived 
macrophages and HFL1 fibroblasts. In our preliminary, unpublished observations, 
fibroblasts growing in the M2 macrophage conditioned media increased their 
galectin-3 content by approximately 40% compared to the control fibroblasts 
(Figure 9). This increase could be due to galectin-3 endocytosis from the 
conditioned media, or de novo synthesis by HFL1 fibroblasts.  
 

 
Figure 9. Galectin-3 content in HFL1 fibroblasts. HFL1 cells were grown to 80% 
confluence and treated for 96 h with different macrophages’ supernatants, supplemented or 
not with galectin-3 inhibitor, TD139. Treated fibroblasts were collected for SDS-PAGE 
protein separation, followed by Western blot detection of galectin-3. The density of 
galectin-3 protein bands was measured using ImageJ freeware, then related to house-
keeping protein, GAPDH and compared between treated and control fibroblasts. The 
results are plotted as the % of the control (fibroblasts in cell medium for 96h).  
 

Moreover, in our ongoing work we detected changes in the formation of 
stress actin fibers, collagen1 deposition (Figure 10) and metabolic activity (Figure 
11) of fibroblasts, as a response to M1 and M2 macrophages. Several changes 
could be reversed if the conditioned media was supplemented with galectin-3 
inhibitor, TD139.  
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Figure 10. Collagen1 and actin immunostaining in HFL1 fibroblasts. HFL1 cells were 
grown and treated as explained in Figure 9. After treatment, the cells were washed, fixed 
and permeabilised to allow staining with anti-collagen antibodies (green fluorescence) and 
actin staining with red fluorescent Phalloidin. Nuclei were stained with Hoechst (blue). 
Fluorescence in 3 different channels was observed using different microscope filters, and 
captured images of all the channels (green, red and blue) were merged into a single image 
using NIS-elementAR software. Bar is 10 μm.  
 
Galectin-3 or TD139 alone had a less prominent effect on measured fibroblast 
features.  
 

 
Figure 11. Metabolic activity of HFL1 fibroblasts. Cell viability was determined by 
MTT assay after the cells were treated for 3 days with supernatants alone or supplemented 
with galectin-3 or TD139. An MTT solution was added to cells and incubated at 37�C for 1 
h. Formed formazan crystals were dissolved and absorbance was read at 570 nm. Viability 
was expressed as a percentage of the control (untreated HFL1 cells). 
 

So far, the results of our uncompleted studies indicate that certain roles of 
galectin-3 could be displayed only within a cellular context, possibly relying on 
some other cell products. Again, our later findings about galectin-3 interactions in 
solution could explain the former, since we observed that galectin-3 alone behaves 
differently than when it encounters a ligand. Moreover, only a certain type of 
ligand can induce specific galectin-3 actions. Galectin-3 in solution was found to 
be monomeric, even in very high concentrations. However, a certain type of 
multivalent ligand, e.g. the glycoprotein ASF, induced galectin-3 self-association 
within seconds (Paper III). Since galectin-3 self-association can occur by several 
different mechanisms it can fit in different biological settings, each carrying 
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unique functions. Previous reports suggested galectin-3 pentamer formation trough 
the N-terminus, and subsequent glycan cross-linking through available CRDs [90]. 
Another former study suggested galectin-3 dimer formation via 2 facing CRDs 
[104], thus making them unavailable for further glycan binding. In the model that 
we propose, galectin-3 self-association occurs through its CRD, but just after the 
initial glycan binding, additional CRD to CRD interaction may occur outside the 
glycan binding groove. Moreover, the N-terminus remains available for cross-
linking since it is not necessary for this type of galectin-3 oligomerisation. 
Different available ligands in macrophages, fibroblasts or other cells can induce 
different types of self-association, or simultaneously, their combination, 
underlying various processes, e.g. carbohydrate independent endocytosis of 
galectin-3 in M2 cells, or carbohydrate dependent effects on fibroblasts. 

Other observations made while studying galectin-3 interactions in solution 
and self-association (Paper III) could be used for further interpretation of galectin-
3 functions, within a novel framework of type-C self-association. We found that 
only a certain type of complex ligand can induce CRD dependent, type-C self-
association. It can thus be assumed that cells would present different glycan 
determinants if the desired effect requires galectin-3 type-C self-association, or 
type-N self-association and possible surface receptor cross-linking or simple one 
to one binding. Small saccharides, even the branched, polyvalent ones, could not 
induce type-C self-association, unlike glycoprotein ligand, ASF. It must be that 
some particular feature of ASF compared to its component galectin-3 binding sites 
is prerequisite for type-C self-association. Nevertheless, galectin-3 binding to 
branched saccharides could induce type-N self-association, leading to ligand 
cross-linking and complex precipitation.  

Another intriguing observation was that the R186S mutant, with > 30-fold 
reduced affinity for ASF, still showed strong type-C self-association. Thus, ASF-
induced nucleation of galectin-3 type-C self-association occurs even with low or 
no binding to glycans, but is much more efficient and occurs at much lower 
galectin concentration if higher affinity glycan binding also occurs, as with 
galectin-3 WT. This may be particularly favored in the cytosol and nucleus, where 
no galactoside ligands have been found. Perhaps some other nucleating ligand 
resides there instead. A good candidate for cytosolic nucleating agent could be 
anti-apoptotic Bcl-2. Even though Bcl-2 is not a glycoprotein, its interaction with 
galectin-3 could be inhibited by lactose [121]. It could be that this interaction 
involves type-C galectin-3 oligomers clustered with Bcl-2.  

Coming back to galectin-3 controlled phagocytosis in macrophages; it could 
be assumed that it is, at least in part, conveyed through type-C galectin-3 self-
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association. Namely, it was often reported how phagocytosis could not be 
inhibited by added lactose, possibly because the nucleating agent was residing 
hidden in some cytosolic compartment, out of reach of externally added lactose. 
This would allow for uninterrupted galectin-3 self-association and subsequent 
formation of phagocytic cups and phagosomes. Reported rapid accumulation of 
cytosolic galectin-3 around phagosomes lysed by bacteria may also be due to type-
C self-association nucleated by glycoproteins normally inside the phagosome 
[231]. This process could serve as a defense and/or membrane repair signal. 
Bacterial LPS might also induce galectin-3 self-association since both galectin-3 
CRD and the N-terminus interact with LPS. Different bacteria have a particular 
repertoire of glycan and lipid structures within their LPS that not all bind galectin-
3; hence, LPS may or may not support some types of galectin-3 self-association. 
On one hand, LPS induced type-C oligomerisation may lead to LPS encapsulation, 
phagocytosis and neutralization in macrophages, as reported for galectin-3 KO 
mice that experienced septic shock when galectin-3 was not present to sequester 
LPS [131]. On the other hand, LPS binding trough N-terminus leaves CRDs free 
to interact with surface neutrophil receptors, which can decrease the LPS 
concentration threshold for neutrophil activation [132]. Nevertheless, in our 
preliminary experiments, LPS was unable to induce galectin-3 type-C self-
association, even in very high concentration. Since we could not characterize LPS 
structure in detail, it is possible that the LPS from our E. coli source lacked 
required determinants to induce the necessary nucleation process.  

Particular features of type-C galectin-3 self-association may favor galectin-3 
trafficking. We already showed that galectin-3 can enhance its own uptake in 
macrophages (Paper I and III), probably after induced type-C self-association 
upon cell surface binding. This way large amounts of associated galectin-3 
molecules can be transported over the cell membrane, compared to the limited 
amount transported by one to one ligand binding or type-N oligomerisation with 
restricted number of associated galectin-3 molecules. Galectin-3 involvement in 
the sorting of glycoproteins was also connected to its property to form oligomers 
[228]. In our view, type-C self-association could easily engage enough galectin-3 
molecules to support the proposed mechanism involving high molecular weight 
clusters. The clusters should contain sufficient number of galetin-3 molecules with 
hydrophobic tails encapsulating the protein that is sorted, to enable the formation 
of functional trafficking vesicles. The suggested mechanism could hardly be 
supported by galectin-3 pentamers with occupied N-terminal parts, or even 
galectin-3 dimers where two CRDs face each other and do not allow initial, or 
subsequent lectin-type interactions. 
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Finally, considering all its possible functions in health and disease, galectin-

3 is an attractive drug/therapy candidate. Galectin-3 based therapies could target 
its CRD activity, its expression, or they could use soluble galectin-3 protein or 
galectin-3 cDNA. In this work we focused primarily on CRD inhibitors. Lactose, 
TD139 or anti-galectin-3 antibody directed against N-terminus, served mainly in 
control experiments while studying galectin-3 dependent cellular effects. On the 
other hand, Pectasol-C, Fractionated Pectin Powder (FPP) and Davanat were 
tested as potential therapeutic agents, commonly used as dietary supplements 
(Paper IV). These plant products were often claimed to be galectin-3 CRD 
inhibitors with anti-cancer or anti-inflammatory properties [127, 161]. This was 
not unreasonable from a structural point of view, as pectin and galactomannan 
(Davanat) are complex polysaccharides that usually contain W-galactose side 
chains as potential galectin-3 ligands. However, the actual interaction between 
galectin-3 and the biologically active pectin or galactomannan has been analysed 
biochemically to only a limited extent. To test their inhibiting potential, we 
applied the fluorescence anisotropy assay and measured their interaction with 
galectin-3 and other galectins in solution. Unlike many reports so far, we found 
that Davanat, Pectasol-C and FPP are very weak inhibitors of galectins at 
physiological concentrations in solution. Therefore, the connection of their 
biological effects to inhibiting galectin carbohydrate-binding activity is 
questionable. It is still possible that Pectasol-C and other similar plant products 
suppress cancer [161] or kidney injury [249] as reported, perhaps by interfering 
with some regulatory loop or signaling system, rather than by inhibiting galectin-3 
itself.  

Even though it is of great interest to find reliable, potent and easily available 
galectin-3 inhibitors, the quest has been mostly unsuccessful. Often, very potent 
inhibitors as TD139 have to go a long way before any clinical use, while 
commonly used plant products turn out to be very poor inhibitors. Nevertheless, 
finding biological targets for these dietary supplements is of interest, but the 
search could benefit from looking past galectin-3.  

In conclusion 

The story about the galectin family and their journey through the enigmatic 
glycan forest is told in a very complex language. Each new translated page 
unlocks a bit of knowledge about each family member and their role in biology 
and pathophysiology. At the end of the story we might understand their central 
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physiological function, if there is one, but the pages before could hold a key for 
novel disease treatment strategies, diagnosis tools, drug targets, and to my great 
hope, a key for disease prevention.  
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