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There is a plethora of evidence to suggest that Galectin-3 plays an important role in normal functions of mammalian cells,

as well as in different pathogenic conditions.
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1. Structure and Function of Galectin-3

Galectin-3, which is a sole representative of chimera type, contains one CRD which is linked to the N-terminal domain that

allows oligomerization resulting in formation of pentamers. Specifically, upon interaction of Galectin-3 monomers with

glycoproteins or glycolipids they interconnect to form pentameric complex by their N-terminal domains (Figure 1).

Figure 1. Galectins classification (according to their structures).

Galectin-3 is a protein with approximate molecular weight of 31 kDa, first recognized in murine immune cells, and

thereafter found in a variety of normal and tumor cells . The structure of Galectin-3 is unique among all vertebrate

galectins, consisting of two structurally specific domains: N-terminal domain and C-terminal CRD . N-terminal domain

usually contains up to 150 amino acid residues, depending on the species, built up of nine repetitive sequences rich in

proline, glycine, tyrosine and glutamine . N-terminal domain carries sites for phosphorylation and other determinants

involved in regulation of galectin secretion . C-terminal CRD, consisting of about 135 amino acid residues, and

determines the molecule as a galectin family member. CRD is connected to a collagen-like sequence, assembled of

proline, glycine and tyrosine tandem repeats .

In adult humans Galectin-3 is present in many different types of cells and tissues. During the first trimester of human

embryo development, Galectin-3 is mainly expressed in epithelia, such as lining epithelium of the respiratory system and

digestive tract, urothelium, skin, as well as in myocardium, liver and chondrocytes . In adults Galectin-3 is also found in

[1][2][3]

[4]

[1][2][5]

[6][7][8]

[9]

[10]



various immune cells, except resting lymphocytes . Apart from physiological functions in a variety of biological

processes such as cell adhesion, cell activation, cell growth and differentiation, cell cycle, and apoptosis, Galectin-3 also

has pivotal roles in cell to cell interactions .

Galectin-3 synthesis takes place on free ribosomes in the cytoplasm. It can be found in nucleus, on the cell surface and in

the extracellular space . Given that Galectin-3, as all galectins, lacks a signal sequence that would guide its

translocation to endoplasmic reticulum and further enable classical secretory pathway, the secretion of Galectin-3 takes

place in a non-classical fashion . Depending on the cell type, Galectin-3 is found in exosomes or microvescicles 

. It has recently been shown that endosomal sorting complex required for transport (ESCRT) machinery plays a crucial

role in Galectin-3 transport to the extracellular matrix. Specifically, the ESCRT-I component Tsg101 binds to highly

conserved P(S/T)AP motif located to N-terminal domain of Galectin-3 allowing the packing of Galectin-3 into endosomes

. Biological effects of Galectin-3 are largely determined by its cellular localization, specific tissue, or specific

pathological condition. The most exhaustively studied role of Galectin-3 concerns the regulation of inflammatory

processes. Pathogenesis of xenobiotic induced Primary Biliary Cholangitis (PBC) indicated protective role of Galectin-3,

since PBC in Galectin-3 knock-out (KO) C57Bl/6 mice showed enhanced liver infiltration with CD8+ T lymphocytes

followed by augmented bile duct damage, liver fibrosis, serological level of PDC-E2 (E2 component of the pyruvate

dehydrogenase complex—common auto-antigen in PBC) specific IgA and increased AST/ALT ratio . Conversely, recent

study by Arsenijevic and colleagues pointed out detrimental role of Galectin-3 in PBC with infectious etiology .

In Novosphingobium aromaticivorans (N. aromaticivorans) induced PBC, Galectin-3 deletion had anti-inflammatory role,

due to the decreased activation of dendritic cells and macrophages in Galectin-3 KO C57Bl/6 mice. Furthermore, we

showed that in mouse experimental model of autoimmune myocarditis Galectin-3 had a protective role on disease

development . In myosin peptide-induced experimental autoimmune myocarditis (EAM) on C57Bl/6 mice, Galectin-3

KO mice developed more severe myocardial inflammation and more conspicuous hypertrophy, due to the accumulation of

T helper type 2 (Th2) cells and expansion of type 2 inflammation in the hearts of otherwise predominantly Th1 C57Bl/6

mice.

2. Galectin-3 and Neurodevelopment

Galectin-3 plays an important role in physiological functions of the nervous system, but it is also implicated in variety of

neurological disorders. In normal adult rats Galectin-3 is constitutively expressed both in glial cells and neuronal tissues in

different brain regions . There is co-expression of Galectin-3 with specific antigens for different cells in rat brain: NeuN

(neuronal nuclear antigen), GFAP (glial fibrillary acidic protein), Iba1 (ionized calcium-binding adapter molecule 1).

Immunoreactivity for galectin-3 was shown in several regions of telencephalon (some parts of cerebral cortex with

variations in the laminar distribution and regions of amygdala, basal ganglia and septum), diencephalon (thalamus and

hypothalamus), brain stem and cerebellum (mesencephalon, rhombencephalon, myelencephalon and cerebellum) .

Comte and coworkers  indicated the role of Galectin-3 in normal neurodevelopment of mouse brain. Galectin-3 affects

migration of neuroblasts from subventricular zone (SVZ) through rostral migratory stream (RMS) towards the olfactory

bulb (OB) . In Galectin-3 KO mice migration of neuroblasts was disrupted due to the decreased speed and straightness

of migration. One of possible mechanisms implies the increased phosphorylation of epidermal growth factor receptor

(EGFR) in the absence of Galectin-3 and its increased activation. Keratinocytes with depleted Galectin-3 have impaired

migration and decreased surface EGFR expression .

Galectin-3 has an important role in oligodendrocyte differentiation and maintenance of myelin integrity and function . In

vitro study pointed out that oligodendrocytes express Galectin-3 at various stages of differentiation. In vivo experiments

also indicated that Galectin-3 mediates oligodendrocyte differentiation by microglial cells and astrocytes . Furthermore,

electron microscopic analysis of myelin showed disturbances in myelination process in Galectin-3 KO mice compared to

WT. Thomas and Pasquini showed that Galectin-3 mediated glial crosstalk drives oligodendrocytes differentiation .

Asphyxia, followed by hypoxic and ischemic brain damage remains one of the most common causes of neurological

disorders in infants . Brain damage induced by hypoxia and ischemia results in activation of the immune system and

consequent increase in production of pro-inflammatory cytokines and reactive oxygen species . Microglial cells

have the crucial role in this neuroinflammation. They also produce Galectin-3 which has pro-inflammatory effects in both

hypoxia and ischemia .

In a study on newborn mice which were subjected to neonatal hypoxia/ischemia, Doverhag and coworkers  showed the

increased expression of Galectin-3 RNA 8 h, 24 h and 72 h after the injury and Galectin-3 colocalized with Iba-1 in

activated microglia close to the injury. Furthermore, Galectin-3-deficient mice were protected compared to their WT

littermates, given that neuronal tissue volume loss and regional injury of hippocampus and striatum were significantly
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reduced in Galectin-3-deficient mice. While there was no statistically significant difference in microglia accumulation

between Galectin-3-deficient mice and the WT, there were significantly higher levels of total matrix metalloproteinase 9

(MMP-9) protein levels in WTs suggesting the possibility of modulation of microglia phenotype by Galectin-3 and

mechanism of injury attenuation in Galectin-3-deficient mice . Study on C57Bl/6 NADPH oxidase KO mice implicated

that hypoxic brain injury increased Galectin-3 levels in NADPH KO mice in comparison to the WT, as well as in injured

hemisphere compared to the uninjured hemisphere in both the KO and WT mice .

Pesheva and collaborators  argue that expression of Galectin-3 in neurons depends on the presence of the nerve

growth factor (NGF). The authors used neonatal dorsal root ganglion (DRG) neurons to test the effects of NGF, brain-

derived neurotrophic factor (BDNF) and neurotrophin-3 on Galectin-3 expression patterns and type of cells which express

Galectin-3. They showed that NGF stimulated DRG neurons and macrophage-like cells increased expression of Galectin-

3, suggesting a role in promotion of neurite outgrowth and adhesion of neural cells . The authors also proposed that

molecular mechanism included the activation of TrkA (Tropomyosin receptor kinase A) receptors, while a later study

showed that regulation of Galectin-3 expression was mediated through Ras/MAPK-related signaling pathways . On

the other hand, the same group of authors showed that staurosporine (a protein kinase inhibitor) induced Galectin-3

expression after 1–5 days in culture of PC12 cells which was not affected by Ras/MAPK pathway inhibitors, suggesting

also Ras/MAPK-independent mechanism for regulation of Galectin-3 expression .

Umekawa and coauthors  compared inflammatory responses to brain injury due to hypoxia/ischemia in immature and

adult hippocampus, focusing on the differences between resident microglia and macrophages from circulation. Based on

the obtained results the authors concluded that in the immature brain resident microglia activated earlier and caused a

more pronounced inflammatory response compared to the infiltrating blood-derived macrophages. Furthermore, Galectin-

3 expression was more pronounced in immature brains which can be brought into connection with more prominent

inflammatory response in newborn animals . Conversely, a study by Chip and coauthors on the role of Galectin-3 in

focal stroke caused by transient occlusion of middle cerebral artery resulted in up-regulation of Galectin-3 in neonatal

mice and rats . In Galectin-3—deficient mice more severe loss of tissue occurred compared to the wild type .

Furthermore, in Galectin-3 deficient mice some of cytokines and chemokines were changed 72 h after the induction of

brain damage, where the levels of interleukin 6 (IL-6) and Granulocyte Colony-Stimulating Factor (G-CSF) decreased, and

Macrophage Inflammatory Protein 1α (MIP-1α) and MIP-1β increased.

Novel inflammation-independent role of Galectin-3 is shown in regulation of astrogenesis by alteration of bone

morphogenetic protein (BMP) signaling . The authors focused on postnatal lateral subventricular zone, given that

periventricular regions of the brain are substantially sensitive to hypoxic ischemia, and applied electroporation to increase

or decrease Galectin-3 expression in vivo, and nucleofection in vitro . Subventricular zone is the major source of glial

cells during postnatal forebrain development, and Galectin-3 deficiency reduces gliogenesis in postnatal period, while

Galectin-3 increase has an opposite effect . Furthermore, Galectin-3 binds to bone morphogenetic protein receptor one

alpha (BMPR1α), activates BMP signaling and thus regulates basal gliogenesis .

3. Galectin-3 and Neuroinflammation

Galectin-3 KO mice developed by Hsu and colleagues on C57Bl/6 background are widely used for the evaluation of

Galectin-3 role in inflammatory response . They do not appear to have a distinct phenotype compared to the WTs.

Behavioral characteristics are described by Stajic and coauthors  and discussed further in chapter 9.

There has recently been increasing evidence that Galectin-3 plays a role in neuroinflammation and neurodegeneration

. Experimental autoimmune encephalomyelitis (EAE) reflects pathological changes in multiple sclerosis in humans,

providing a widely accepted model for this disease . We observed that the deletion of Galectin-3 gene attenuates EAE

in C57Bl/6 mice . This was attributed to modulation of antigen-presenting cells and subsequent attenuation of

inflammatory response in CNS. Following immunization of WT and Galectin-3 with myelin oligodendrocyte glycoprotein

peptide (MOG ) the severity of diseases was significantly lower in Galectin-3-deficient mice. In addition, production of

pro-inflammatory cytokines, IL-17 and IFN-γ, in these mice was reduced, while dendritic cells (DC) produced IL-10 and

exhibited Th2 polarization. Galectin-3 is also involved in Interleukin 4 (IL-4) mediated macrophage alternative polarization,

thus its effect in EAE may be attributed to its effect on activation and proliferation of microglia . Microglia represent

immune competent cells in the brain which appear to play the important roles both in diverse homeostatic mechanisms in

the nervous tissues and in various pathological conditions which affect brain homeostasis . It has been established that

activation of microglia can be a double-edged sword, whereby their profiling depends on many different factors. Reichert

and Rotshenker  also indicated the role of Galectin-3 in the pathogenesis of EAE. First, they showed increased

expression of Galectin-3 in macrophages and microglia in the CNS of mice with EAE. On the other hand, using
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Copolymer 1 as immunomodulator, they suppressed EAE. This was thought to be due to decreased activation of microglia

and macrophages, given that Copolymer 1 induces antigen-specific Th2 response and increased secretion of IL-10, which

in turn decreases production of pro-inflammatory cytokines and Galectin-3. It has also been postulated that Galectin-3

may be an important activator of phagocytosis of modified myelin, a necessary stage during its recovery within Wallerian

degeneration. There is an increased expression of Galectin-3 in microglia that phagocyte myelin, unlike the microglia that

do not phagocyte myelin . Wallerian degeneration following injury of sciatic nerve in Galectin-3-deficient mice was

associated with vigorous increase in inflammatory cytokines, IL-1β and TNF-α, and up-regulation of toll-like receptors

(TLR) 2 and 4 . The C57Bl/6 mouse model of focal cortical EAE, which were immunized with MOG and received

intracerebral solution of tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) developed large lesions with a high

number of Galectin-3-positive inflammatory cells . These cells were classified into two main categories—Galectin-3—

positive cells with projections, microglia-derived macrophages, and Galectin-3—positive cells without projections,

macrophages derived monocytes. Recent data on cell and stage-specific expression of Galectin-3, in mouse model of

EAE induced by pathogenic T-cell transfer, showed increased expression of Galectin-3 in microglia with magnified

phagocytic activity in spinal gray matter during progressive disease . Furthermore, the expression of Galectin-3

increased in microglia and macrophages in spinal white matter and pia mater during disease progression, while in nerve

roots subpopulation of Schwann cells were Galectin-3—positive. During recovery phase, Galectin-3—expressing cells

disappeared from parenchyma, and were confined to the pia mater and ventral nerve roots. These results suggest the

possibility of neuroprotective role of Galectin-3 in brain pathology, thus Galectin-3 may have both pro and anti-

inflammatory effects in the CNS. Its role appears to depend on the type of cells Galectin-3 expresses and its cellular

localization. In addition, the effects of Galectin-3 in type 1 and 2 diabetes can be compared when expressed on immune

cells and overexpressed in target cells. We have shown previously that Galectin-3 deletion attenuates type 1 diabetes due

to its lack in immune effectors cells . However, in type 2 diabetes intracellular genetic overexpression of Galectin-3

(knock in mice) protects pancreatic β-cells from inflammatory attack .

Galectin-3 plays a role in the pathogenesis of viral infections of the CNS. Junin virus-induced encephalitis was induced in

C57Bl/6 mice by intracerebral inoculation and it was shown that activated microglial cells and astrocytes express Galectin-

3 . In Theiler’s Murine Encephalomyelitis Virus (TMEV) infection Galectin-3 expression increased in the cerebral cortex

of in C57Bl/6 and SJL/J mice . Furthermore, Galectin-3 deletion in C57Bl/6 mice reduced the number of activated

immune cells after TMEV infection and diminished inflammatory response followed by a partial restoration of SVZ

proliferation and increase of SVZ progenitor cells.

4. Galectin-3 in the CNS Injury

Galectin-3 appears to be one of the crucial initiators of microglia activation and proliferation following ischemic brain injury,

but role of activation of microglial cells upon brain ischemia remains questionable, whether it could be advantageous or

injurious . Following experimental stoke in normal C57Bl/6 mice there was strong increase in Galectin-3 expression in

microglia surrounding ischemic lesion, while in quiescent microglial cells Galectin-3 immunoreactivity was depressed .

In Galectin-3 KO C57Bl/6 mice depletion of Galectin-3 led to inadequate activation and decreased proliferation of

microglia, resulting in decrease of microglial cells in ischemic conditions. This disruption in regulation of microglia activity

consequently induced increase in infarct size and number of apoptotic neurons. In proliferating microglia there is co-

expression of Galectin-3 and Insulin-like growth factor 1 (IGF-1), while in Galectin-3 KO C57Bl/6 mice there increased

protein level of IGF-1 after stroke. Specifically, microglia of Galectin-3 depleted mice were not responsive to IGF-1 and it

was implicated that Galectin-3 interacted with IGF-1 receptors thus enabling their crosslink at the membrane surface,

delay of their removal by endocytosis, and consequently prolonged signaling . It has also been shown that Galectin-

3 induced proliferation of endothelial cells and neural progenitors upon ischemic brain injury caused by transient middle

cerebral artery occlusion (MCAO) in rats, while inhibition of Galectin-3 with anti-Gal-3 antibody had opposite effects .

These results suggest a possible role of microglial Galectin-3 in nerve tissue remodeling through angiogenesis and

neurogenesis. Recently it was indicated that intracerebroventricular injection of recombinant Galectin-3 during acute

phase of stoke, in model of brain ischemia caused by MCAO, induced alternative activation of microglia, increased

secretion of IL-4, and decreased production of pro-inflammatory cytokines (TNF-α, IL-1β, INF-γ, IL-6 and IL-17) .

Measuring stroke area four days after induction of ischemia and 72 h after the application of recombinant Galectin-3

showed significant reduction in the size of ischemic lesions in mice receiving recombinant Galectin-3 compared to control.

In a study assessing delayed neuronal death induced by transient ischemia in the hippocampal CA1 region, the authors

confirmed there was increased expression of Galectin-3 in microglia with the peak which was achieved 96 h following

reperfusion . On the other hand, intra-ischemic hypothermia significantly averted delayed neuronal death as well as

expression of Galectin-3 in microglial cells.
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Furthermore, investigating the connection between stoke and enteric neuropathy, it was shown that sera from C57BL/6

mice subjected to permanent MCAO induced loss of myenteric neurons in vitro, contrary to sera isolated from Galectin-3

—deficient mice with induced stoke . Conversely, myenteric neurons obtained from mice deficient in toll-like receptor 4

(TLR4) were unaffected, and also the application of antagonists of transforming growth factor β-activated kinase 1 (TAK1)

or AMP activated kinase (AMPK) prevented loss of myenteric neurons in vitro. Combining the results of this study it can

be assumed that the release of Galectin-3 following stroke may induce enteric neuronal cell death via TLR4 activation

involving TAK1 and AMPK.

Previous studies focused on relationship between Galectin-3 and TLR family in CNS, in particular TLR2 and TLR4.

Galectin-3 possesses great affinity for β-galactoside, and considering that TLR4 structurally contains β-galactosides,

Galectin-3 binding to TLR4 occurs . Such binding can induce changes in TLR4 appearance, for instance dimerization

or internalization. Inflammatory stimulation in brain, such as intranigral injection of lipopolysaccharide (LPS), triggers

endogenous production of Galectin-3, which binds to microglial TLR4 and causes their activation  (Figure 2). On the

other hand, intranigral LPS injection and consequent neuroinflammation in Galectin-3 KO mice were characterized by

reduced expression of pro-inflammatory markers, IL-1β and IL-6, and decreased inflammatory response with

neuroprotective effect. Effects of in vitro exposition of microglial cells to soluble Galectin-3 were increase of expression of

inducible nitric oxide synthase (iNOS) and stimulation of pro-inflammatory M1 phenotype combined with decrease of anti-

inflammatory markers. Expression of TLR4 and Galectin-3 were also increased in burn-induced peripheral

neuroinflammation . TLR4 appears to be universal receptor for Galectin-3 in inflammation in different tissues .

Galectin-3 seems to be an important mediator in injury-induced innate immune response/TLR2 signaling . In microglial

cells of Galectin-3 KO mice there was no up-regulation of TLR2 due to stimulation with glutamate, contrary to WT cells. It

has also been shown that LPS induction of Galectin-3 release from microglia enhances microglial phagocytosis .

Specifically, secreted Galectin-3 opsonizes cells for phagocytosis via interaction with a phagocytic receptor, Mer tyrosine

kinase (MerTK), and this process appears to be necessary for phagocytosis of cells by activated microglia .

Figure 2. The mechanism of microglial activation by Galectin-3 via TLR4.

Traumatic injury of CNS that encompasses devastation of various neuronal structures, including axonal damage and

destruction of myelin, is followed by infiltration of damaged tissue with immune cells and consequent activation of

microglia, which precedes regeneration and scarring. In mouse model of cortical contusion, expression of Galectin-3

significantly increased after impact in cortex and hippocampus, followed by increased levels of Galectin-3 in cerebrospinal

fluid, and interaction between Galectin-3 and TLR4 . Application of anti-Gal-3 antibody exhibited neuroprotective effect

due to decreased trauma-induced synthesis of pro-inflammatory markers, IL-1β, IL-6 and iNOS, and attenuated microglial

activation. Conversely, Galectin-3 deletion was unsuccessful in modulation of traumatic brain injury (TBI) induced pro-

inflammatory response, suggesting the importance of difference in relation to complete, constitutive absence of Galectin-3

and antagonizing only extracellular Galectin-3. Clinical study on Galectin-3 as a possible prognostic marker in patients

with severe TBI showed significant increase of plasma Galectin-3 in TBI patients. The value of Galectin-3 positively

correlated with severity noted by Glasgow Coma Scale scores and levels of plasma C-reactive protein . Increase of

plasma Galectin-3 was also shown in patients with mild TBI by others .

Spinal cord injury (SCI) is also followed by neuroinflammation with significant and prolonged expression of pro-

inflammatory proteins, including Galectin-3 . Confirming these results, Galectin-3-deficient mice had better functional

recovery after SCI due to limitation of lesions without spreading to the surrounding area and maintenance of white matter

integrity . With respect to inflammatory response there was a decrease of CD11b-positive cells in Galectin-3-deficient

mice, associated with increase of Arginase1-positive cells. Specifically, Arginase1-expressing cells represent anti-

inflammatory M2 macrophages characterized by production of anti-inflammatory cytokines .
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