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ABSTRACT OF THE DISSERTATION 

 

A Novel Mechanism of Apoptosis Resistance: The Interaction of Cell Surface Galectin-3 and 

CD45 Promotes Survival of Diffuse Large B Cell Lymphoma Cells 

 

by 

 

Mary Caroline Clark 

Doctor of Philosophy in Cellular and Molecular Pathology 

University of California, Los Angeles, 2012 

Professor Linda Baum, Chair 

 

 

Galectin-3 (gal-3) is a member of the galectin family of immunoregulatory lectins and 

has anti-apoptotic function. As an anti-apoptotic protein, gal-3 is upregulated and thought to 

contribute to apoptosis resistance in numerous types of cancer. One cancer in which gal-3 

expression is upregulated is diffuse large B cell lymphoma (DLBCL), a cancer of germinal 

center and post-germinal center (activated) B cells. However, it is unknown whether the 

expression of gal-3 by DLBCL cells contributes to apoptosis resistance, and if it does, the 

mechanism by which gal-3 acts to promote DLBCL cell survival is also unknown. In this work, I 

have investigated whether and how gal-3 confers apoptosis resistance to DLBCL cells.  

I have found that gal-3 binds to the transmembrane tyrosine phosphatase CD45 on 

DLBCL cells, and that removal of gal-3 from CD45 with the polyvalent glycan inhibitor GCS-
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100 was sufficient to render DLBCL cells susceptible to a variety of apoptotic stimuli. 

Mechanistically, gal-3 binding to CD45 modulated activity of the intracellular phosphatase 

domains of CD45; gal-3 binding to CD45 decreased phosphatase activity, while removal of gal-3 

with GCS-100 increased phosphatase activity. Moreover, the increased activity of the CD45 

phosphatase upon removal of gal-3 was required for DLBCL cells to undergo apoptosis. This 

suggests that gal-3 binding to CD45 is an upstream, reversible “apoptotic block” in DLBCL 

cells. Importantly, while the CD45 phosphatase of gal-3+ DLBCL cells could be activated by the 

removal of cell surface gal-3 from CD45 with GCS-100, the CD45 phosphatase of gal-3- 

DLBCL cells could not be activated by GCS-100 treatment. In fact, when evaluated as a 

prognostic factor in DLBCL, gal-3 expression correlated with better patient survival, possibly 

because gal-3+ DLBCL cells had “activatable” CD45 phosphatase, while the phosphatase 

activity of gal-3- DLBCL cells could not be enhanced. Together, these results identify a novel 

role for cell surface gal-3 and CD45 in DLBCL cell survival, and suggest novel therapeutic 

targets to sensitize DLBCL cells to apoptosis.   
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LECTINS AND GLYCANS 

 The surfaces of all eukaryotic cells are covered in a thick layer of glycans due to the 

modification of transmembrane glycoproteins and glycolipids with carbohydrate moieties. 

Proteins that bind to oligosaccharide structures on glycoproteins and glycolipids—termed 

lectins—mediate fundamental biological processes (reviewed in 1,2). First identified in plants in 

the late 19th century, it is now known that lectins are ubiquitously found throughout nature. 

Lectins contain at least one carbohydrate recognition domain (CRD) that interacts selectively 

with specific glycan structures found on glycoconjugates. Lectins interact weakly with individual 

glycans, primarily through hydrogen bonding and van der Waals interactions between the 

monosaccharide ring structure and aromatic amino acid side chains of the lectin CRD. Stronger 

interactions between lectins and carbohydrates are facilitated by the multivalent interaction of 

multimeric lectins and multiple glycan determinants. Lectin-glycan interactions facilitate 

essential processes, such as cell-cell and cell-matrix interaction, protein trafficking, cell 

migration,3 maturation,4 and apoptosis.5  

 One of the most ubiquitous and well-studied classes of animal lectins are the galectins 

(previously termed S-type lectins).6,7 The galectin family is an evolutionarily ancient and highly 

conserved family that is characterized by a ~130 amino acid CRD with an affinity for β-

galactoside-containing glycans (reviewed in 8,9). There are 15 known mammalian galectin family 

members, only 11 of which have been found to be expressed in humans. Galectins are classified 

structurally into three subgroups: prototypic, tandem-repeat, and chimeric (Figure 1-1A). 

Prototypic galectins include galectin-1, -2, -7, -10, -13, and -14, and consist of a single CRD that 

can form non-covalent homodimers. Tandem-repeat galectins include galectin-4, -8, -9, and -12, 

and consist of two distinct CRDs that are joined by a non-conserved linker region. The chimeric 
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galectins consist of a single CRD and a large N-terminal domain that is involved in 

multimerization (description below). The only chimeric galectin in vertebrates is galectin-3.  

 The homologous CRD of the galectin family binds to β-galactoside-containing glycans. 

Such glycans are found in lactosamine (Galβ1,4GlcNAc, or LacNAc) sequences on complex N-

linked and core 1 and core 2 O-linked glycans. As described above for other lectins, galectins 

bind relatively weakly to individual glycans (Kd in the millimolar range). Yet, when galectins 

multimerize and are in the presence of multiple carbohydrate ligands, binding avidity increases, 

leading to collectively strong interactions (Kd in micro- or submicromolar range). Despite the 

homologous CRD, galectin family members have unique amino acids in the CRD, which show 

high affinity interactions with unique glycan ligands.10  

Galectins localize to many subcellular sites, including the nucleus, mitochondria, and the 

inner leaflet of the plasma membrane. Galectin family members participate in numerous 

interactions inside the cell; there are no known glycan ligands recognized by galectins inside the 

cell11 and, thus, the functions of galectins inside the cell are likely mediated by protein-protein 

interactions. Members of the galectin family are also secreted by cells via an as yet 

uncharacterized non-classical secretion pathway. When secreted, galectins bind to 

oligosaccharide structures on glycoconjugates in the extracellular environment. Galectins can 

interact with glycoprotein counterreceptors on the cell from which the galectin was secreted (cis-

interaction), on cells adjacent to the cell from which the galectin was secreted (trans-interaction), 

or in the extracellular matrix. As described above, galectins multimerize to become multivalent 

and thus bind multiple glycan determinants on cell surface glycoconjugates simultaneously 

(Figure 1-1B). Such interactions have been termed “galectin-glycoprotein lattices,” and have 
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been shown to be involved in signaling pathways that regulate a multitude of cellular functions 

(reviewed in 9,12,13). 

Expression of glycoproteins decorated with galectin ligands depends on cell-type, and 

may be modulated during differentiation and activation.14 Galectin ligands are added to and 

removed from core proteins by glycosyltransferases and glycosidases, respectively, in both the 

ER and Golgi. Several factors determine whether or not a cell will express glycoproteins 

decorated with galectin ligands, including the complement of glycosyltransferases and 

glycosidases expressed by a cell at any given time.14 Additionally, the isoform of the protein to 

be glycosylated affects expression of galectin ligands, as different isoforms may have inherent 

differences in glycan-attachment sites. Therefore, it is difficult to generalize whether or not a 

specific galectin will bind to a given glycoprotein on a given cell and have a given downstream 

affect without specific experimental determination. Chapter 2 of this dissertation discusses how 

changes in glycosylation of individual proteins, namely CD43 and CD45, affect how T cells 

interact with environmental lectins, including galectins, and how this affects T cell functions. 

 

GALECTIN-3 

 One of the most studied members of the galectin family is galectin-3 (gal-3). Gal-3 is 

ubiquitously expressed by human epithelium, by lymphoid and myeloid cells, as well as by a 

variety of cancer cells.15,16 Originally identified as a ~30 kDa member of the S-type lectin family 

in the early 1980s, gal-3 was subsequently determined to have been previously identified, 

designated L-29, L-31, CBP-35, Mac-2, and IgEbp.   

As previously mentioned, gal-3 is the only chimeric member of the galectin family found 

in vertebrates and is composed of a single CRD and a ~130 amino acid non-lectin N-terminal 
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domain. Like other members of the galectin family, the CRD of gal-3 binds preferentially to 

glycans containing lactosamine residues. Hirabayashi et al found that intact gal-3 bound with the 

highest affinity of the six galectins evaluated to a panel of oligosaccharide structures.10 One 

explanation for this is that the CRD of gal-3 is more permissive than that of other galectin family 

members and uniquely can accommodate larger glycans.17 In fact, unlike galectin-1, whose 

binding is limited to terminal LacNAc residues and is inhibited by terminal α2,6-linked sialic 

acid, gal-3 is able to bind to such glycans by binding to internal LacNAc residues on a 

polylactosamine chain.18  

The N-terminal domain of gal-3 contains a repeating sequence of three amino acids 

(tyrosine-proline-glycine), the number of which is species specific. The N-terminus of gal-3 

facilitates multimerization; although gal-3 is a monomer in solution, when exposed to glycan 

ligands gal-3 can pentamerize via N-terminus-dependent intermolecular interactions to become 

functionally multivalent (Figure 1-1B).19-21 A recent study suggested that gal-3 may also form 

dimers via C-terminus-dependent interactions, although the physiological relevance of these 

interactions has not been confirmed.22 The CRD and N-terminus of gal-3 fold and act 

independently, yet are both required for the carbohydrate-dependent functions of gal-3.10 

Although gal-3 interacts with carbohydrate ligands directly via the C-terminal CRD, the N-

terminus-mediated multimerization is required for optimal gal-3-glycan interactions.10 Like other 

galectins, multimeric gal-3 binds to multiple glycoprotein counterreceptors on the cell surface to 

form galectin-glycoprotein lattices (Figure 1-1B). Gal-3-glycoprotein lattices have been shown 

to modulate various cellular signaling cascades,12 and have been implicated in regulating diverse 

functions, such as activation of numerous cell types,23-25 adhesion and migration of tumor 

cells,26-28 and apoptosis.29  
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Like other members of the galectin family, gal-3 is secreted via a non-classical secretion 

pathway,30 where gal-3 can interact with glycoproteins on the cell surface and in the extracellular 

matrix in a carbohydrate-dependent or –independent manner. In addition to localizing 

extracellularly, gal-3 is also found intracellularly in the nucleus, at the mitochondria, and at the 

inner leaflet of the plasma membrane. Gal-3 has many reported interactions and functions inside 

the cell (reviewed in 31), although as mentioned previously for other galectins, the interactions of 

gal-3 inside the cell are protein-protein mediated, as glycan ligands for gal-3 are not present in 

the nucleus or cytoplasm.11 The mechanisms determining precise subcellular localization of gal-3 

are unknown. A few studies propose that phosphorylation of gal-3 at serine 6 alters intracellular 

localization, positing that unphosphorylated gal-3 is primarily in the nucleus, while 

phosphorylated gal-3 is primarily cytoplasmic.32-34 However, these studies did not assess what 

effect phosphorylation has on gal-3 secretion, and thus extracellular localization.   

As mentioned previously, interactions and functions of galectins are difficult to 

generalize, and depend on subcellular localization of the galectin, expression of galectin binding 

partners, and expression of glycan-modifying enzymes. Gal-3 has been reported to interact with 

a wide range of proteins to exert its many reported functions,31 and may exert different functions 

depending on localization. For instance, extracellular gal-3 interacts with the T cell receptor to 

inhibit activation of T cells,35 while intracellular gal-3 interacts with an unidentified protein to 

enhance T cell proliferation.36 Thus, in order to determine the specific function(s) of gal-3 in a 

specific cell type, it is necessary to examine the availability of gal-3 to interact with other 

proteins (i.e. the subcellular localization of gal-3) and to examine the availability of other 

proteins to interact with gal-3 (i.e. in the same subcellular location and/or appropriately 

glycosylated).  
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Anti-apoptotic activity of gal-3 

Like other members of the galectin family, gal-3 has been shown to induce apoptosis of T 

cells15,37 and other cell types, such as colon cancer cells38 and neutrophils.39 However, gal-3 is 

the only member of the galectin family that has been shown to have an additional anti-apoptotic 

function. Although studies with gal-3 null mice have shown that gal-3 is required for the survival 

of some populations of non-neoplastic cells,40-42 the anti-apoptotic role for gal-3 in cancer cells 

has been more thoroughly examined.  

A role for gal-3 in cancer progression was first suggested in the mid-1980s when a 

galactoside-specific lectin—later determined to be gal-3—was identified as a potential anti-

metastatic target in several tumor models.43-45 To determine a precise role for gal-3 in cancer 

cells, gal-3 was experimentally overexpressed in several cancer cell lines. Not only did the 

expression of gal-3 result in increased proliferation36 and increased adherence to extracellular 

matrix proteins,28 compared to cancer cell lines that did not express gal-3, the expression of gal-3 

by cancer cell lines consistently resulted in increased apoptosis resistance to a variety of 

apoptotic stimuli.28,36,46-51 Furthermore, expression of endogenous gal-3 by a variety of primary 

cancers, including thyroid,52 pituitary,53 lung,54 and colon cancers,55 has been shown to result in 

apoptosis resistance and/or a clinically more aggressive cancer.  

Several mechanisms by which gal-3 opposes apoptosis in cancer cells have been 

proposed. For example, it has been postulated that gal-3 interacts with Bcl-2 at mitochondria via 

a four amino acid “anti-death domain,” and that this interaction results in increased resistance to 

apoptosis. Although a direct interaction between gal-3 and Bcl-2 has never been confirmed,36 

when Akahani et al mutated the “anti-death domain” of gal-3 they observed less resistance to 
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apoptosis than with wild-type gal-3 when the constructs were transfected into a gal-3-null breast 

cancer cell line.46 However, the results reported in this study were largely correlative, as the 

authors did not investigate whether the wild-type or mutant gal-3 constructs interacted with Bcl-

2, or if there was another explanation for the decreased resistance to apoptosis with the mutant 

gal-3 construct. For example, the authors did not investigate whether the mutant gal-3 had altered 

subcellular localization compared to wild-type gal-3, or whether the mutant or wild-type gal-3 

constructs were secreted and localized to the cell surface. In fact, the involvement of cell surface 

gal-3 in apoptosis resistance has largely been unexplored. Thus, although gal-3 has been 

established as an anti-apoptotic protein that confers apoptosis resistance to many types of cancer 

cells, the mechanism(s) by which gal-3 acts to promote cancer cell survival are unclear.  

 

Targeting gal-3 with modified citrus pectin 

As previously mentioned, gal-3 was identified in the 1980s as an anti-metastatic target in 

several tumor models. Specifically, Meromsky et al were able to inhibit tumor cell aggregation, 

adherence, and metastasis by treating tumor cells with an antibody against a “galactoside-

specific lectin.”43,56 As early studies suggested that gal-3 acted at the cell surface to promote 

tumor cell metastasis, several groups focused on targeting gal-3 using glycans containing lactose 

derivatives.45,57 One glycan that showed promise as a competitive inhibitor of gal-3 is modified 

citrus pectin (MCP),58-60 a compound derived by sequentially acid and base treating citrus pectin 

to generate a large, polydisperse compound with an abundance of gal-3 glycan ligands (Figure 1-

2). Early studies showed that injection or oral administration of MCP reduced the instances of 

metastasis in multiple mouse models.57,59-61  
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GCS-100 is a specific formulation of MCP that is in clinical development. Preclinical 

studies determined that at high concentrations GCS-100 induces apoptosis of multiple myeloma 

cells as a single agent, while at sub-lethal concentrations, GCS-100 sensitizes multiple myeloma 

and prostate cancer cells to apoptosis induced by chemotherapeutic agents.62-64 Although the 

mechanism(s) by which GCS-100 acts to promote apoptosis or sensitize to apoptotic stimuli has 

not been determined, several studies have shown that treatment of tumor cells with GCS-100 

results in activation of caspase-3, -8, and -9 and inhibition of proliferation, with accompanying 

regulation of cell cycle proteins.62,64 Additionally, Demotte et al found that GCS-100 treatment 

removed cell surface gal-3 from tumor infiltrating CD8+ T cells, resulting in increased cytokine 

secretion and higher cytotoxicity in an in vitro cytotoxicity assay, and that injection of GCS-100 

resulted in tumor rejection in a mastocytoma tumor mouse model.61 Furthermore, GCS-100 

showed promise in human clinical trials for multiple myeloma and chronic lymphocytic 

leukemia.65,66   

While gal-3 has been determined to be the specific target of MCP/GCS-100,58,59 it is 

unclear which population(s) of gal-3 are affected by MCP treatment. With the exception of 

Demotte et al, who determined that GCS-100 specifically removed the cell surface population of 

gal-3 from CD8+ T cells,61 the site of action or the mechanism of MCP/GCS-100 has not been 

determined. Because MCP is a large glycan it is likely to remain extracellular, as internalization 

would require an active transport mechanism, and affect the population of gal-3 at the cell 

surface. However, it is possible that inhibition of cell surface gal-3 could indirectly affect the 

populations of gal-3 at other subcellular sites. For instance, removal of cell surface gal-3 could 

cause in a redistribution of intracellular gal-3, resulting in a decrease of gal-3 at mitochondria. 

Thus, although MCP/GCS-100 has been used as a gal-3 inhibitor to inhibit metastasis and 
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promote apoptosis alone and in combination with chemotherapy drugs, the mechanism by which 

this occurs is unknown.  

 

Gal-3 and diffuse large B cell lymphoma 

 One of the cancers that has been shown to upregulate gal-3 is diffuse large B cell 

lymphoma (DLBCL), an aggressive cancer derived from germinal center and activated B cells. 

First identified in an unbiased screen as upregulated in DLBCL at the transcript level,67 gal-3 

was subsequently confirmed to be upregulated in DLBCL at the protein level by numerous 

groups.15,68-71 Moreover, Hoyer et al determined that a gal-3+ DLBCL cell line transfected with a 

dominant negative form of gal-3 was more susceptible to apoptosis induced by anti-Fas, 

implying that endogenous gal-3 was important to DLBCL cell survival.15 However, it is still 

unknown whether gal-3 plays a direct role in DLBCL survival, or if expression of gal-3 merely 

correlates with increased resistance to apoptosis. Additionally, if gal-3 is directly involved in 

DLBCL survival, neither the mechanism by which nor the subcellular location at which gal-3 

exerts its anti-apoptotic function in DLBCL cells have been studied.  

 

THE PRESENT WORK 

As mentioned above, gal-3 was identified as an anti-apoptotic protein almost two decades 

ago, yet the mechanism(s) by which gal-3 acts to confer apoptosis resistance to cancer cells 

remains unclear. Additionally, whether or not gal-3 directly promotes apoptosis resistance in 

DLBCL is unknown. Thus, in this work my goal has been to determine the precise role of gal-3 

in DLBCL cell survival and the mechanism by which gal-3 exerts an anti-apoptotic function in 

DLBCL cells. Using cell lines derived from patients with DLBCL and GCS-100 as a gal-3 
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inhibitor, I present in Chapter 3 data supporting a novel role for cell surface gal-3 in DLBCL 

apoptosis resistance. Specifically, I identify the transmembrane tyrosine phosphatase CD45 as 

the primary cell surface counterreceptor for endogenous gal-3, and show that removal of gal-3 

from CD45 increases CD45 phosphatase activity and sensitizes DLBCL cells to a variety of 

apoptotic stimuli. In this way, cell surface gal-3 acts as an upstream “apoptotic block” in 

DLBCL, and only by removing gal-3 from CD45 are DLBCL cells made susceptible to 

apoptosis. 

Gal-3 protein expression by DLBCL cells has been evaluated in several previous studies. 

However, the sample sizes of these studies were small, ranging from n = 10-39, and warrant 

confirmation with a larger sample size. Thus, in Chapter 4 of this dissertation, I present the 

results of a large tissue array (n = 259) evaluated for gal-3 protein expression. Despite the 

description of gal-3 expression by DLBCL cells, gal-3 has not been evaluated as a prognostic 

factor in DLBCL. Using clinical survival data linked to the large tissue array, I also present in 

Chapter 4 evidence that gal-3 is a positive prognostic biomarker for DLBCL.  

In summary, I determined that cell surface gal-3 contributed to apoptosis resistance in 

DLBCL cells, yet gal-3 expression by DLBCL cells correlated with improved patient survival. 

These results paint a complex picture of gal-3 in DLBCL cell survival, which will be discussed 

in Chapter 5 of this dissertation.  
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Figure 1-1. Structural subtypes of the galectin family 

(A) Members of the galectin family are grouped into three structural subtypes: prototypic, 

tandem-repeat, and chimeric. Prototypic galectins consist of a single CRD and are capable of 

forming homodimers. Tandem-repeat galectins consist of two distinct CRDs that are connected 

by a polypeptide linker region. Chimeric galectins, of which galectin-3 is the only vertebrate 

family member, consist of a single CRD and a non-lectin N-terminal domain involved in 

multimerization. (B) When exposed to multiple glycan ligands on cell surface glycoproteins, 

galectin-3 can form pentamers via intermolecular interactions of the N-terminal domain. This 

can result in a galectin-glycoprotein lattice, a simplified example of which is shown. 
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Figure 1-2. Structures of citrus pectin and modified citrus pectin 

(A) Citrus pectin is the main component of the primary cell walls of the cells of citrus fruit. 

Structurally, citrus pectin is a heteropolysaccharide composed primarily of homogalacturonic 

acid regions and repeated units of galacturonic acid and rhamnose (rhamnogalacturonan regions). 

The homogalacturonic acid regions can be modified with methyl esters and the 

rhamnogalactuonan region can have chains of galactose, arabinose, and arabinogalactose 

branching off of the rhamnose moieties. (B) Modified citrus pectin results from the sequential 

treatment of citrus pectin with base and acid. Base treatment releases rhamnogalacturonan 

regions from homogalacturonic acid regions and also removes the methyl esters from the 

homogalacturonic acid region, while acid treatment releases arabinose chains from the 

rhamnogalacturonan region. The result is a polydisperse polysaccharide with high proportion of 

galactose residues.  
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CHAPTER TWO1 

T cells modulate glycans on CD43 and CD45 during development and activation, regulating 

signaling and survival 

                                                
1 This chapter is a version of the article published in Annals of the New York Academy of 

Sciences, 2012, doi: 10.1111/j.1749-6632.2011.06304.x 



 24 

ABSTRACT 

Glycosylation affects many essential T-cell processes and is intrinsically controlled 

throughout the lifetime of a T-cell. CD43 and CD45 are the two most abundant glycoproteins on 

the T-cell surface and are decorated with O- and N-glycans. Global T-cell glycosylation and 

specific glycosylation of CD43 and CD45 are modulated during thymocyte development and T-

cell activation; T-cells control the type and abundance of glycans decorating CD43 and CD45 by 

regulating expression of glycosyltransferases and glycosidases. Additionally, T-cells regulate 

glycosylation of CD45 by expressing alternatively spliced isoforms of CD45 that have different 

glycan attachment sites. The glycophenotype of CD43 and CD45 on T-cells influences how T-

cells interact with the extracellular environment, including how T-cells interact with endogenous 

lectins. This review focuses on changes in glycosylation of CD43 and CD45 occurring 

throughout T-cell development and activation, and the role that glycosylation plays in regulating 

T-cell processes such as migration, T-cell receptor signaling, and apoptosis.  



 25 

INTRODUCTION 

Glycosylation of cell surface proteins on lymphocytes is a dynamic process that affects a 

multitude of cellular processes including pathogen recognition by the immune system,1 leukocyte 

migration,2 and tumor immunology.3 Addition of glycans to proteins is modulated at several 

levels, including cell type-specific, developmental and differentiation state-specific, and 

functional stimulus-specific glycosylation (reviewed in 4-9). Genes encoding glycan-modifying 

proteins—glycosyltransferases and glycosidases—account for 1-2% of the protein-coding genes 

in eukaryotic genomes,10,11 and the expression and activity of these proteins depends on the cell 

type and environmental context. However, simply determining expression and activity levels of 

glycan-modifying enzymes in a particular cell subset will not definitively reveal whether and 

how specific glycan structures on specific glycoproteins are modified, because factors such as 

glycosyltransferase competition for substrates in the Golgi and expression of alternatively 

spliced isoforms of proteins also determine whether and how a protein will be glycosylated. 

Thus, to understand the range of glycans that can decorate a specific protein, it is important to 

consider which T-cell subset expresses this glycoprotein, which isoform of this glycoprotein is 

expressed, and which glycan-modifying enzymes are concurrently expressed.   

T-cells undergo major changes in glycoprotein glycosylation during development in the 

thymus and activation in the periphery. Glycans found on CD43 and CD45, two abundant 

glycoproteins on the T-cell surface, are thus dynamically modulated throughout the life of a T-

cell. These changes in glycosylation are crucial for proper T-cell responses. In this review, we 

will discuss changes in glycosylation on CD43 and CD45 that occur during T-cell development, 

activation, and survival. 
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POLYPEPTIDE STRUCTURES OF CD43 AND CD45 

 CD43 and CD45 are two of the most abundant transmembrane glycoproteins on the T-

cell surface. These two proteins are expressed throughout all stages of T-cell development, from 

double negative thymocytes to memory T-cells,12 and play vital roles in T-cell development, 

activation, and survival.13-15 CD43 and CD45 are recognized by a variety of counter-receptors, 

many of which are endogenous lectins produced by other immune cells, endothelial cells, and 

tumor cells.16 Thus, glycosylation of CD43 and CD45 is critical in regulating how T-cells 

interact with their environment. 

CD43 is a large, mucin-type glycoprotein with a small, globular cytoplasmic domain. The 

gene that codes for CD43 has only one exon, encoding a 400 amino acid polypeptide.17 The 

cytoplasmic domain of CD43 interacts with members of the ezrin-radixin-moesin family of 

cytoskeleton linker proteins to regulate T-cell migration,18 activation,19,20 and survival.21 The 

extracellular region of CD43 extends ~45 nm from the T-cell surface, and is decorated by ~80 O-

linked glycans dispersed over the entire extracellular domain (Figures 2-1, 2-2).22 Human CD43 

also has one N-glycan site, the significance of which has not been determined.23,24 T-cells 

express two glycoforms of CD43, with molecular weights of 115 kDa and 130 kDa due to 

decoration with either core 1 or core 2 O-glycans9 (Figure 2-2), respectively. Thus, given that the 

predicted molecular weight of the CD43 polypeptide backbone is ~ 44 kDa, while the observed 

molecular weight is 115-130 kDa, ~62-66% of the mass of CD43 is glycans. 

There are five isoforms of CD45 found on human lymphocytes that extend between ~28-

52 nm from the T-cell surface (Figure 2-3).25-27 The intracellular region of CD45 is common to 

all CD45 isoforms and is composed of tandem phosphatase domains that are crucial for T-cell 

receptor signaling.28,29 Extracellularly, all five CD45 isoforms include three membrane proximal 



 27 

fibronectin type III repeats and a cysteine-rich region; these domains are the primary sites of N-

linked glycosylation.30 The extracellular region of CD45 may contain up to three domains termed 

A, B, and C, resulting from alternative splicing of exons 4, 5, and 6, respectively, that are the 

primary sites of O-linked glycosylation.25 While there are at least eight possible isoforms of 

CD45, only RO (containing no alternatively spliced domains), RA, RB, RBC, and RABC 

polypeptides are found on human and murine lymphocytes.25,31 Expression of alternatively 

spliced isoforms of CD45 is modulated throughout T-cell development and activation; double 

negative thymocytes express RA, RB, and RBC, double positive thymocytes express primarily 

RO, mature single positive thymocytes express RB and RBC, naïve peripheral T-cells express 

RB, and activated and memory T-cells express RO.31-34  

Glycans also contribute substantially to the overall mass of each CD45 isoform. Given 

that the predicted molecular weight of the CD45 polypeptide ranges between ~123 kDa and 

~141kDa,35 depending on the isoform, and the observed molecular weight of CD45 ranges 

between 180 kDa and 230 kDa, ~32-36% of the mass of CD45 is glycans. Specifically, all 

isoforms of CD45 are decorated with up to 11 N-glycans in the membrane proximal region, each 

contributing ~3-4 kDa to the overall molecular weight of CD45. The membrane distal regions of 

CD45 are decorated with ~8-47 O-glycans, depending on the expression of the alternatively 

spliced domains, each contributing ~1 kDa to the overall molecular weight of CD45.  
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GLYCOSYLATION OF CD43 AND CD45—DYNAMIC CHANGES DURING 

DEVELOPMENT, ACTIVATION, AND DIFFERENTIATION INTO EFFECTOR CELLS 

O-glycans  

Eight core O-glycan structures have been described.36 Thymocytes and T-cells display 

primarily core 1 and core 2 O-glycan structures (Figure 2-2, Table 2-1). Core 1 O-glycans can be 

capped by sialic acid added by β-galactoside α2,3-sialyltransferase 1 (ST3Gal1) and/or extended 

into core 2 O-glycans by core 2 β-1,6-N-acetylglucosaminyltransferase (C2GnT). C2GnT adds a 

β1,6-linked N-acetylglucosamine (β1,6-GlcNAc) to the core 1 structure that can be further 

extended into a polylactosamine sequence. In the thymus, sialylated core 1 structures are found 

on double negative immature thymocytes and on mature CD4 or CD8 single positive 

thymocytes, while asialo-core 1 and core 2 structures are found on immature double positive 

thymocytes.16,37-39 Peripheral naïve T-cells in general express sialylated core 1 O-glycans. 

Activation of CD4+ and CD8+ T-cells results in a general loss of sialylation and an increase in 

core 2 O-glycans; this appears to be due primarily to de novo synthesis of hyposialylated CD4315 

and CD4540 (see below and Table 2-1), 33, 36 although there may be microheterogeneity in 

sialylation at specific sites.37,41,42 Additionally, Grabie et al showed that ST3Gal1 is differentially 

expressed during differentiation of CD4+ T-cells into Th1 and Th2 effector populations 

following an activation stimulus.43 Specifically, Th2 cells express ST3Gal1 that can sialylate 

core 1 O-glycans, while Th1 cells do not express ST3Gal1 and have asialo-core 1 O-glycans.43 

Both Th1 and Th2 cells express C2GnT and can bear glycoproteins decorated with core 2 O-

glycans.44  

As previously mentioned, CD43 is decorated with ~80 O-glycans, and on T-cells, CD43 

is found primarily in two glycoforms, displaying either core 1 or core 2 O-glycans. Two 
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monoclonal antibodies, S7 and 1B11, that recognize murine CD43 decorated with core 1 or core 

2 O-glycans, respectively, have been used to characterize glycoform expression of CD43 

throughout thymocyte development and T-cell activation. In the thymus, both immature and 

mature thymocytes are reactive with the S7 antibody and thus express CD43 with core 1 O-

glycans, while immature double positive thymocytes are also reactive with the 1B11 antibody, 

and therefore also express CD43 decorated with core 2 O-glycans, consistent with the global 

glycosylation profile of these thymocyte subsets described above.45,46 In the periphery, both 

naïve and activated T-cells express core 1 O-glycosylated CD43, while activated T-cells 

additionally express core 2 O-glycosylated CD43.37,45,47,48 

The alternatively spliced extracellular domains of CD45 are also decorated with core 1 

and core 2 O-glycans.24,49 Different isoforms of CD45 differ in the extent of potential O-

glycosylation. Unlike S7 and 1B11 monoclonal antibodies for CD43, few CD45 antibodies have 

been evaluated for specific CD45 glycoform binding,41,50,51 and most studies use changes in 

global T-cell glycosylation to infer how glycosylation of CD45 changes throughout T-cell 

development and activation. Thus, immature double negative thymocytes and mature CD4 or 

CD8 single positive thymocytes express CD45RA/RBC/RB and CD45RB/RBC, respectively, 

with sialylated core 1 O-glycans, while double positive thymocytes express CD45RO decorated 

with asialo-core 1 and core 2 O-glycans. In the periphery, naïve T-cells express CD45RB 

predicted to be decorated with sialylated core 1 O-glycans, while activated T-cells, like double 

positive thymocytes, express CD45RO decorated with asialo-core 1 and core 2 O-glycans.40  
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N-glycans 

N-glycan structures are classified as high-mannose, hybrid-type, and complex-type 

(Figure 2-2). Thymocytes and T-cells can express all three types of N-glycans (Table 2-1).38,52 

High-mannose N-glycan structures can be trimmed by mannosidases to create substrates for 

glycosyltransferases that create hybrid and complex N-glycan structures. Complex N-glycans 

found on T-cells can be tri- or tetra-antennary structures created by the action of N-

acetylglucosaminyltransferase V (GnT-V). GnT-V adds a β1,6-linked GlcNAc residue to the 

mannose core, which can be further extended into a polylactosamine sequence and capped by 

terminal sialic acid residues in either α2,3- or α2,6-linkages. In the thymus, α2,3- and α2,6-linked 

sialic acid is added to N-glycans by ST3Gal4 and ST6Gal1, respectively.53 Addition of sialic 

acid is modulated throughout thymocyte development: both cortical and medullary thymocytes 

bear α2,3-linked sialic acids on N-glycans, while mature medullary thymocytes also bear α2,6-

linked sialic acids on N-glycans.53 Like mature thymocytes, naïve T-cells that leave the thymus 

also express N-glycans capped with α2,6-linked sialic acid. Once activated, peripheral T-cells 

upregulate N-glycan processing enzymes and thus increase complex N-glycans on the cell 

surface, while simultaneously decreasing levels of α2,6-linked sialic acid.54-56 

As mentioned above, the membrane proximal domains of CD45 that are common to all 

isoforms are the primary sites of N-linked glycosylation. Human CD45RO has 11 potential sites 

of N-glycosylation.25 Early analyses of N-glycans on CD45 revealed that roughly half of the N-

glycans on CD45 on thymocytes are high-mannose or hybrid-type, while the majority of N-

glycans on CD45 on peripheral T-cells are complex-type.57-60 As mentioned in the previous 

paragraph, the sialyltransferase ST6Gal1 modifies complex N-glycans.61,62 CD45 is an 

established acceptor substrate for this enzyme.53,63 Thus, both mature medullary thymocytes and 



 31 

naïve peripheral T-cells express CD45 with N-glycans capped with α2,6-linked sialic acid, while 

CD45 on activated T-cells express N-glycans that are not capped with α2,6-linked sialic acid.  
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FUNCTIONS OF CD43 AND CD45 THAT ARE GLYCAN-DEPENDENT 

  CD43 and CD45 interact with endogenous lectins in a glycan-dependent manner to 

regulate several T-cell functions (Table 2-2). Thus, as glycans on CD43 and CD45 are modulated 

throughout T-cell development and activation as described above, so are the interactions with 

endogenous lectins and potential functional outcomes.  

 

T-cell migration 

 T-cells migrate to sites of inflammation in order to generate effective immune responses. 

E-selectin is an adhesion protein expressed by activated endothelial cells that is important in 

recruiting T-cells to sites of inflammation. CD43 has been identified as an endogenous co-

receptor for E-selectin.64 Specifically, several groups have found that, on T-cells, E-selectin 

binds to the 130 kDa glycoform of CD43 bearing sialyl Lewis x tetrasaccharide (SLex) on core 2 

O-glycans.47,48,65,66 As activated T-cells upregulate CD43 bearing core 2 O-glycans, and thus the 

SLex glycan ligands for E-selectin, these cells can preferentially bind to E-selectin and migrate to 

sites of inflammation to generate an immune response. 

 

T-cell receptor signaling 

 T-cell receptor signaling is vital for proper positive and negative selection of thymocytes 

and activation of peripheral T-cells. Activity of the CD45 intracellular phosphatase domain is 

critical for regulating signaling thresholds required for signaling through the T-cell 

receptor.29,67,68 There is intriguing evidence to suggest a role for glycans in regulating the activity 

of the CD45 intracellular phosphatase domains. Briefly, bulky N- and O-glycans and negatively 

charged sialic acid residues on the extracellular domains of CD45 can keep individual CD45 
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molecules physically separated on the plasma membrane, resulting in increased T-cell receptor 

signaling, most likely due to activation of the intracellular phosphatase domains of CD45.69 

Conversely, reduction in sialic acid content and/or binding of multivalent lectins to the 

extracellular domain of CD45 results in clustering or oligomerization of CD45 and decreased T-

cell receptor signaling;69-72 oligomerization of CD45 also has been shown to decrease activity of 

the intracellular phosphatase domains of CD45 in cell extracts.70 Thus, when CD45 is bound by 

lectins such as placental protein 14 (PP-14),73,74 macrophage galactose-type lectin (MGL),75 or 

galectin-1,70 clustered CD45 molecules would be predicted to have inactive phosphatase domains 

and thus negatively regulate T-cell receptor signaling (Table 2-2).   

 The role of CD43 in T-cell receptor signaling is less clear than that of CD45. Historically, 

it was thought that CD43 negatively regulates T-cell activation by sterically hindering 

interactions of T-cells with antigen presenting cells via CD43’s large extracellular domain.76 

Recent studies have also explored the participation of the cytoplasmic domain of CD43 in T-cell 

receptor signaling events.20,77 However, few studies exploring the role of CD43 in T-cell receptor 

signaling have examined the specific role of glycans on CD43 in this process.  

 

T-cell apoptosis 

 Specific thymocyte subsets and activated peripheral T-cells undergo apoptosis induced by 

galectin-1, the prototypic member of the family of β-galactoside-binding lectins.78 Three 

glycoprotein counter-receptors, CD43, CD45, and CD7 are involved in T-cell death induced by 

galectin-1.79-82 Expression of CD7 on human T-cells is required for galectin-1-induced 

apoptosis.81 Although neither CD43 nor CD45 is required for galectin-1-induced apoptosis, 

expression of both of these glycoproteins enhances apoptosis induced by galectin-1.83,84 
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Galectin-1 binding to CD43 and CD45 is dependent on the relative amount and type of glycans 

present on these glycoproteins. Although galectin-1 preferentially binds to lactosamine 

sequences that are not capped by α2,6-linked sialic acid,63 such as those found on core 2 O-

glycans and complex N-glycans, galectin-1 may also bind to low affinity, yet highly abundant 

glycans such as core 1 O-glycans if presented in sufficient density on a polypeptide backbone 

(i.e. a mucin such as CD43).70,84 Core 2 O-glycans on CD45 appear to be required for galectin-1-

induced T-cell apoptosis,83,85 while either core 1 or core 2 O-glycans on CD43 are sufficient for 

galectin-1 binding and apoptotic signaling.84  

In the thymus, galectin-1 induces apoptosis of immature thymocytes undergoing negative 

selection.86 CD43 and CD45 on immature thymocytes are decorated with core 2 O-glycans and 

can bind galectin-1. In contrast, CD45 on mature thymocytes bears core 1 O-glycans as well as 

N-glycans capped with α2,6-linked sialic acid. Thus, this “glycophenotype” inhibits galectin-1 

binding, due both to loss of core 2 O-glycans and increased α2,6-sialylation. Moreover, these 

glycosylation render mature thymocytes resistant to galectin-1-induced apoptosis.63,70 In the 

periphery, naïve T-cells also express CD45 with core 1 O-glycans and α2,6-linked sialic acid, 

and are likewise resistant to galectin-1-induced apoptosis. Upon activation, CD4+ and CD8+ T-

cells express CD43 and CD45 bearing core 2 O-glycans and complex N-glycans with reduced 

α2,6-linked sialic acid, thus rendering activated T-cells susceptible to galectin-1-induced 

apoptosis.70 However, CD4+ Th2 effector cells express sialylated core 1 O-glycans and α2,6-

linked sialic acid on N-glycans, which reduces galectin-1 binding and decreases Th2 cell 

susceptibility to galectin-1-induced apoptosis.87 Thus, although thymocytes and T-cells are 

universally exposed to galectin-1 in the thymus and peripheral tissues, specific T-cell subsets are 

resistant to galectin-1-induced apoptosis due to differential glycosylation of CD43 and CD45. 
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CONCLUDING REMARKS AND REMAINING QUESTIONS  

 T-cells intrinsically regulate interactions with the extracellular environment, including 

those with endogenous lectins, by regulating the type and abundance of glycans on the cell 

surface glycoproteins CD43 and CD45. Thus, processes such as migration, T-cell receptor 

signaling, and apoptosis, which are all affected by glycans on CD43 and CD45, are “decided” at 

the level of the T-cell. It is therefore critical to analyze glycans on CD43 and CD45 at specific 

points during T-cell development and activation in order to infer how a T-cell might function at 

that point. 

 Currently, our understanding of thymocyte and T-cell glycosylation during development 

and activation is largely limited to analyses of global cellular glycosylation patterns, with few 

analyses of glycoprotein-specific glycosylation patterns. Many questions regarding the 

glycosylation of CD43 and CD45 during the lifetime of a T-cell remain unanswered. For 

instance, how do changes in the glycosylation of the extracellular domain of CD43 affect the 

intracellular functions of CD43? Unlike CD45, for which a role for glycans in regulating the 

activity of the intracellular phosphatase domains of CD45 has been suggested, few studies have 

evaluated the functional role of the glycans on CD43. Secondly, how are each of the individual 

~80 O-glycans on CD43 and the ~11 N-glycans and ~8-47 O-glycans on CD45 modulated 

throughout the lifetime of a T-cell? What is the role of microheterogeneity of glycans on these 

glycoproteins?41 Finally, how does glycosylation of CD43 and CD45 on thymocytes and T-cells 

compare to that of CD43 and CD45 expressed by other leukocytes, such as B-cells or dendritic 

cells? Answering these questions will bring us closer to understanding how the intricate nature of 

glycosylation of CD43 and CD45 regulates T-cell development and function.  
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Figure 2-1: Thymocytes and T-cells express two glycoforms of CD43 

The CD43 polypeptide backbone extends ~45 nm from the T-cell surface and is decorated by 

~80 O-linked glycans. Human CD43 also has one N-glycan site, which is not depicted in this 

schematic as the significance of this glycan has not been determined. CD43 can be decorated by 

either sialylated core 1 O-glycans or core 2 O-glycans, generating the 115 kDa and the 130 kDa 

glycoforms of CD43, respectively. The 115 kDa glycoform of CD43 is the primary glycoform 

expressed by immature double negative thymocytes, mature CD4 or CD8 single positive 

thymocytes, and naïve peripheral T-cells. The 130 kDa glycoform of CD43 is upregulated by 

immature double positive thymocytes and by activated peripheral T-cells.  
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Figure-2-2: T-cells decorate their glycoproteins with asialo-core 1, sialylated core 1, and core 2 

O-glycans and high mannose-, hybrid-, and complex-type N-glycans 

(A) Core 1 structures can be uncapped (asialo) or α2,3-sialylated by the enzyme ST3Gal1. Core 

1 O-glycans can also be extended into core 2 O-glycans by the enzyme C2GnT. Core 2 O-

glycans contain lactosamine (Gal-GlcNAc) sequences and may or may not also be capped by 

ST3Gal1 (this schematic depicts uncapped core 2 O-glycans). (B) High mannose N-glycans are 

precursors for hybrid-type and complex-type N-glycans. Complex N-glycans on T-cells are 

elaborated by the action of the enzyme GnT-V, which adds a β1,6-linked GlcNAc residue that 

can be further extended into a polylactosamine sequence (bracket). Complex N-glycans can be 

capped by α2,3- or α2,6-linked sialic acid. 
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Figure 2-3: There are five isoforms of CD45 on human lymphocytes due to alternative splicing 

Intracellularly, all isoforms of CD45 have tandem phosphatase domains (P1 and P2; only P1 is 

enzymatically active). Extracellularly, all isoforms have three fibronectin type III repeats (F), a 

cysteine-rich region (CR), and a terminal region. The F, CR, and terminal regions are the 

primary sites of N-linked glycosylation. Alternative splicing of exons 4, 5, and 6 generates up to 

three additional extracellular domains—termed A, B, and C, respectively—and a total of five 

isoforms of CD45: RO (with no alternatively spliced domains), RB (exon 5), RA (exon 4), RBC 

(exons 5 and 6), and RABC (exons 4-6). The extended region and alternatively spliced regions 

are the primary sites of O-linked glycosylation, although RA and RC also have canonical sites of 

N-linked glycosylation. The schematics of the five isoforms of CD45 depict glycans based on the 

following assumptions: 1.) The molecular weights of CD45RO, RB, RA, RBC, and RABC are 

180, 190, 210, and 230, respectively; 2.) Each N-glycan is complex and contributes ~4 kDa to 

the overall molecular weight; RO has core 2 O-glycans, each contributing ~1.5 kDa to the 

overall molecular weight; RB, RA, and RBC have sialylated core 1 O-glycans, each contributing 

~0.7 kDa to the overall molecular weight; 3.) All N-glycan sites in the F, CR, and extended 

regions are occupied in all isoforms; 4.) Some O-glycan sites may overlap between isoforms, but 

the total number of O-glycans should be higher for larger isoforms (i.e. RO should have the least 

number of O-glycans, while RABC should have the most O-glycans); 5.) Domains with more 

serine and threonine residues should have more potential O-glycosylation sites (i.e. RB has the 

least and RA has the most); 6.) The alternatively spliced domains A, B, and C should have O-

glycan occupancy approximately proportional to the number of serine and threonine residues 

contained in the polypeptide sequences.  
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Table 2-1. Global, CD43- and CD45-specific glycosylation during T-cell development 

Thymus    

Cell Type: Double negative Double positive CD4 or CD8 single positive 

Global O-glycans: sialylated core 1 asialo-core 1; core 2 sialylated core 1 

Global N-glycans: high mannose; hybrid high mannose; hybrid a2,6-sialylated complex 

CD43 O-glycans: core 1 core 1; core 2 core 1 

CD45 isoform: RA, RBC, RB RO RB, RBC 

CD45 O-glycans: nda sialo-core 1; core 2 nd 

CD45 N-glycans: high mannose; hybrid high mannose; hybrid a2,6-sialylated complex 

Periphery 
     

Cell Type: Naïve CD4+ 
or CD8+ 

Activated 
CD8+ 

Activated 
CD4+ Th1 Th2 

Global O-glycans: sialylated core 1  asialo-core 1; 
core 2 

asialo-core 1; 
core 2 

asialo-core 1; 
core 2 

sialylated core 
1 

Global N-glycans: a2,6-sialylated 
complex complex complex complex a2,6-sialylated 

complex 

CD43 O-glycans: core 1 core 1; core 2 core 1; core 2 core 1; core 2 nd 

CD45 isoform: RB RO RO RO RO 

CD45 O-glycans: sialylated core 1 asialo-core 1 asialo-core 1 nd nd 

CD45 N-glycans: a2,6-sialylated 
complex complex complex complex nd 

and: not determined 
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Table 2-2. Lectin co-receptors of CD43 and CD45 on thymocytes and T-cells 

CD43 co-receptor Glycan Function Reference 

E-selectin sialyl Lewis x structure 
on core 2 O-glycans T-cell migration 47, 48 66 

 
galectin-1 
 

lactosaminea T-cell apoptosis 79, 84 

 
galectin-3 
 

lactosamine unknown 80 

 
macrophage galactose-type 
lectin 
 

terminal GalNAc unknown 75 

 
mannose receptord 

 
mannoseb unknown 60 

CD45 co-receptor Glycan Function Reference 
 
galectin-1 
 

lactosaminea T-cell apoptosis 78, 79 

 
galectin-3 
 

lactosamine T-cell apoptosis 80 

 
placental protein 14 
 

lactosaminec T-cell apoptosis 73, 74 

 
CD22/Siglec-2 
 

α2,6-linked sialic acidd T-cell signaling 67, 68 

 
macrophage galactose-type 
lectin 
 

terminal GalNAc T-cell apoptosis 75 

 
serum mannan-binding 
protein 
 

mannose; GlcNAc unknown 57 

 
mannose receptor 
 

mannoseb unknown 60 

      aBinding is inhibited by α2,6-linked sialic acid 
      bInteraction was determined for the cysteine-rich region of the mannose receptor only60 
      cBinding is enhanced by α2,6-linked sialic acid 
      dInteraction between CD22 and CD45 may also be protein-protein mediated 
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CHAPTER THREE 

Galectin-3 binds to CD45 on diffuse large B cell lymphoma cells to regulate susceptibility to cell 

death1 

 

 

                                                
1 A version of this chapter is being prepared for submission to Blood. 
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ABSTRACT 

Diffuse large B cell lymphoma (DLBCL) is the most common non-Hodgkin’s lymphoma 

and an aggressive malignancy. Galectin-3 (gal-3), the only anti-apoptotic member of the galectin 

family, is overexpressed in DLBCL. While gal-3 can localize to intracellular sites, gal-3 can be 

secreted by DLBCL cells and bind back to the cell surface in a carbohydrate-dependent manner. 

The major counterreceptor for gal-3 on DLBCL cells was identified as the transmembrane 

tyrosine phosphatase CD45. Removal of cell surface gal-3 from CD45 with the specific 

polyvalent glycan inhibitor GCS-100 rendered DLBCL cells susceptible to dexamethasone, 

rituximab, and etoposide. Binding of gal-3 to CD45 modulated tyrosine phosphatase activity; 

removal of endogenous cell surface gal-3 from CD45 with GCS-100 increased phosphatase 

activity, while addition of exogenous gal-3 reduced phosphatase activity. Moreover, the 

increased susceptibility of DLBCL cells to chemotherapeutic agents after removal of gal-3 by 

GCS-100 required CD45 phosphatase activity. Gal-3 binding to a subset of highly glycosylated 

CD45 glycoforms was regulated by the C2GnT-1 glycosyltransferase, indicating that specific 

glycosylation of CD45 is important for regulation of gal-3-mediated signaling. These data 

identify a novel role for cell surface gal-3 and CD45 in DLBCL survival and suggest novel 

therapeutic targets to sensitize DLBCL cells to death. 
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INTRODUCTION 

 Diffuse large B cell lymphoma (DLBCL) is a heterogeneous group of neoplasms that 

arise from germinal center or post-germinal center B cells.1 DLBCL is the most commonly 

diagnosed non-Hodgkin’s lymphoma, accounting for ~40% of diagnoses.2 DLBCL is an 

aggressive malignancy with a survival rate of ~60%, in part because DLBCL cells become 

resistant to apoptosis induced by chemotherapy drugs.3,4 There are at least three subtypes of 

DLBCL that reflect the biology of the B cell of origin.4,5 Despite the prevalence of DLBCL, and 

perhaps due to DLBCL heterogeneity, there is no known canonical mechanism of apoptosis 

resistance for the majority of DLBCL. Thus, it is critical to identify new mechanisms of 

apoptosis resistance in DLBCL as potential therapeutic targets. 

 Galectin-3 (gal-3) is upregulated in ~65% of primary DLBCL cases.4,6-9 Gal-3 is a 

member of the galectin family of immunoregulatory lectins and has both pro-apoptotic and anti-

apoptotic functions.10 Gal-3 is upregulated in many types of cancer, where it has been shown to 

mediate apoptosis resistance.11-14 Gal-3 can localize intracellularly and participate in protein-

protein interactions; gal-3 has been proposed to interact with Bcl-2 protein family members at 

mitochondria to promote apoptosis resistance.15,16 Gal-3 can also be secreted; secreted gal-3 

remains cell surface-associated by binding to β-galactoside-containing oligosaccharides, 

typically on complex N-glycans and core 2 O-glycans, on cell surface glycoproteins. Secreted 

gal-3 can form pentamers via interactions of the N-terminal domain, promoting multivalent 

binding of the C-terminal carbohydrate recognition domain to glycoprotein receptors, and the 

resulting complexes have been termed galectin-glycoprotein lattices.17-19 Galectin-glycoprotein 

lattices modulate intracellular signaling pathways, and regulate cellular processes such as 

apoptosis,20 proliferation,19 and migration.21 However, while gal-3 is highly expressed in a large 
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fraction of DLBCL, the role of gal-3 in apoptosis resistance in DLBCL cells has not been 

directly examined. Additionally, if gal-3 does contribute to apoptosis resistance in DLBCL, 

where gal-3 acts—intracellularly or extracellularly—is also unknown.   

 CD45 is the major receptor tyrosine phosphatase in B cells. In normal B cells, the CD45 

phosphatase regulates B cell receptor signaling.22 CD45 is highly glycosylated, bearing both N- 

and O-glycans on its extracellular domain, and CD45 is a known counter-receptor for gal-3 on T 

cells.23,24 On T cells, gal-3 binding to CD45 modulates T cell receptor signaling and T cell 

survival. Additionally, binding of galectin-1, another galectin family member, to CD45 on T 

cells has been shown to regulate phosphatase activity.20 

 We have found that gal-3 localizes to the cell surface of DLBCL cells, where it bound to 

CD45 to promote apoptosis resistance. Gal-3 binding modulated CD45 phosphatase activity, and 

this regulation was important for apoptosis resistance. Removal of cell surface gal-3 with GCS-

100, a polysaccharide inhibitor of gal-3 that has been shown to potentiate apoptosis of other 

types of neoplastic cells,13,14,18,25 was sufficient to render DLBCL cells susceptible to cell death 

induced by different agents. This work identifies a novel role for CD45 in DLBCL survival, and 

identifies gal-3 as a potential therapeutic target. 
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MATERIALS AND METHODS 

Cells and reagents  

 SUDHL-6, SUDHL-8, SUDHL-9, and SUDHL-16 cells were maintained in RPMI 1640 

with 10 mM GlutaMAX (Invitrogen), 10% fetal bovine serum (FBS; Hyclone), and 1% MEM 

Non-Essential Amino Acids (Invitrogen). BCBL1 cells were maintained in RPMI 1640 with 10 

mM GlutaMAX, 10% FBS, 100 until/mL penicillin and 0.1 mg/mL streptomycin (Biowhittaker). 

 The following reagents were used: anti-mouse gal-3 monoclonal antibody (mAb) M3/38, 

rat IgG2a,k isotype control, fluorescein isothiocyanate (FITC)-goat anti-rat IgG (BioLegend); 

anti-human CD45 mAB 2B11 + PD7/26, mouse IgG1 isotype control, FITC-goat anti-mouse 

IgG (DAKO); rabbit anti-Erk mAb, rabbit anti-phosphoErk1/2 (Tyr204), rabbit anti-coxIV mAb 

3E11 (Cell Signaling); mouse anti-human Lyn mAb H-6 (Santa Cruz Biotechnology); rabbit 

anti-human phosphoLyn (pY507) mAb, rabbit anti-human Bcl-2 mAb, clone E17 (Epitomics), 

horseradish peroxidase (HRP)-goat anti-rabbit IgG, HRP-goat anti-mouse IgG (Bio-Rad); HRP- 

anti-rat IgG, HRP-streptavidin, FITC-streptavidin, anti-human IgM (Jackson); potassium 

bisperoxo(1,10-phenanthroline)oxovanadate(V) (bp(V)phen), 1-Deoxymannojirimycin (DMNJ) 

(Calbiochem); dexamethasone, etoposide (Sigma); FITC-annexin V (Invitrogen); propidium 

iodide (PI) (BD Biosciences); Bis(sulfosuccinimidyl) suberate (BS3), 3-3’-

dithiobis(sulfosuccinimidylpropionate) (DTSSP) (Thermo Scientific); ImmunoPure Immobilized 

Protein G (Pierce); Agarose-bound Streptavidin, biotinylated Peanut Agglutinin (PNA-biotin), 

biotinylated Phaseolus vulgaris Leucoagglutinin (PHA-L-biotin), biotinylated bovine serum 

albumin (BSA-biotin) (Vector Laboratories); Enhanced Chemiluminescence (ECL) Detection 

Kit (Amersham); GCS-100 was supplied by Prospect Therapeutics; recombinant gal-1, gal-3, 

and gal-3C were made as described.23 
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Immunohistochemistry 

 Sections of human DLBCL tissue were stained with anti-gal-3 (BioLegend) as 

described.6,26 The study protocol for use of human tissue was approved by the University of 

California at Los Angeles Institutional Review Board. 

 

Cell surface phenotyping  

 For gal-3 surface staining, 1x106 were transferred from culture flasks to FACS tubes 

without resuspension.  Cells were treated with 10 mg/mL DTSSP for 10 minutes, followed by 10 

µM Tris, pH 7.5 for 15 minutes at RT to cross-link soluble cell surface gal-3 to glycoprotein 

receptors. Samples were washed twice in cold PBS and blocked in 1% BSA/PBS overnight at 4 

ºC. Cells were incubated with 2 µg of anti-gal-3 mAb or rat IgG2a for 1 hour at 4 ºC, followed 

by 0.4 µg of anti-rat FITC for 1 hour at 4 ºC. CD45 staining and lectin phenotyping were 

performed as described,20 and analyzed at the UCLA Johnsson Comprehensive Cancer Center 

Flow Cytometry Core Facility on the BD FACScan or BD FACScanX. 

 

Immunoprecipitation and Western blot 

 2 x 106 cells were washed in PBS and lysed in lysis buffer (50 mM Tris, 150 mM NaCl, 

1% Nonidet P-40 (Igepal CA-630), 5 mM EDTA, protease and phosphatase inhibitor cocktails 

(Sigma)) for 5 minutes on ice. Lysates were cleared by centrifugation at 4 °C. Protein 

concentration was determined by Bradford Assay (Bio-Rad). For immunoprecipitation (IP), 

lysates were diluted to 5 µg/µL with lysis buffer. 500 µg of protein lysate was mixed with 30 µL 

of protein G beads and 2 µg of anti-gal-3 mAb or anti-CD45 mAb overnight at 4 °C. Beads were 
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washed with lysis buffer and denatured in NuPAGE sample buffer and reducing agent 

(Invitrogen). Where indicated, cells were fixed prior to lysis with BS3 for 30 minutes at RT. 

Where indicated, mitochondria were isolated with the Mitochondria isolation kit (Thermo), 

according to the manufacturer’s instructions.  

 

RT-PCR 

 Total RNA was extracted using RNAeasy Mini kit (Qiagen). Reverse transcriptase-

polymerase chain reaction (RT-PCR) was performed on 2 µg RNA using the Super Script One-

Step RT-PCR Kit (Invitrogen). PCR was performed to amplify CD45 isoforms,27 C2GnT-1,28 

and GAPDH,28 as described.  

 

Death Assays  

 2 x 105 cells were resuspended in medium at 37 ºC for 30 minutes. Cells were treated 

with GCS-100 for 1 hour at 37 ºC prior to addition of 10 mM dexamethasone, 5 mg/mL 

rituximab, or 1 mM etoposide for 24 hours. Cells were washed in PBS and resuspended in 

annexin V staining buffer (annexin V binding buffer, FITC-annexin V and PI). Viability was 

determined as %annexin V- + PI- cells/total live cells; cell death was determined as 100%-

viability. Where indicated, 2x105 cells were treated as above with 75 µg/mL GCS-100 and dex or 

rituximab prior to caspase-8 analysis with the Vybrant FAM Caspase-8 Assay Kit (Invitrogen) 

according to the manufacturer’s protocol. 

 

Inhibition of glycoprotein processing 
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 To inhibit processing of complex N-glycans, 1x107 cells were treated with 2mM DMNJ 

for 72 hours. Efficiency of inhibition was determined by loss of PHA-L-biotin staining. To 

inhibit synthesis of core 2 O-glycans, 7.5 x 106 cells were transfected with 2 mM C2GnT-1 

siRNA (Santa Cruz Biotechnology) using Amaxa Nucleofector II with the human B-cell kit and 

program O-017 according to the manufacturer’s instructions. Knockdown efficiency was 

determined by RT-PCR 24 hours post-transfection. 

 

Phosphatase Activity Assay 

 Phosphatase assays were performed as previously described20 with the following 

modifications: 5x106 cells were resuspended in 250 mL medium with 5 mM gal-3, 5 mM gal-3C, 

75 mg/mL GCS-100, or 12.5 nM bp(V)phen, as indicated.  

 

siRNA Transfection 

 7.5 x 106 cells were transfected with 2 µM control, gal-3, or CD45 siRNA (Santa Cruz 

Biotechnology) as described above. Knockdown efficiency was determined by immunoblot 24 

hours post-transfection for gal-3 and flow cytometry 48 hours post-transfection for CD45.  
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RESULTS 

DLBCL cell expression and cell surface localization of gal-3 

 We and others have previously shown that ~65% of primary DLBCL express gal-34,6-9; 

expression of gal-3 in a primary DLBCL tissue sample is shown in Figure 3-1A. To explore the 

function of gal-3 in DLBCL cells, we profiled cell lines derived from DLBCL patient samples 

for expression of gal-3 (Table 3-1). As we had previously found, approximately two-thirds of the 

cell lines examined expressed gal-3, similar to what has been observed for primary tumors.6  

 Gal-3 can be found at several subcellular locations, including the nucleus, mitochondria 

and inner face of the plasma membrane, as well as on the cell surface.10 Gal-3 lacks a 

transmembrane domain, and secreted gal-3 remains cell surface-associated by binding to cell 

surface glycoproteins via the carbohydrate recognition domain (CRD). To determine if gal-3 was 

present on the surface of SUDHL-6 cells, cells were fixed and analyzed by flow cytometry. We 

detected abundant gal-3 on SUDHL-6 cells that express gal-3, while, as expected, no gal-3 was 

detected on the surface of SUDHL-9 cells that do not express gal-3 (Figure 3-1B, C).  

 

GCS-100 removes cell surface gal-3 from DLBCL cells  

Gal-3 at different subcellular locations has been proposed to have different functions. 

While our previous work indicated that gal-3 in B lymphoma cells had anti-apoptotic activity,6 

that study did not identify the subcellular site at which gal-3 was acting. Although several groups 

have suggested that intracellular gal-3 interacting with Bcl-2 at the mitochondria has anti-

apoptotic activity,15 the role of cell surface gal-3 in tumor cell survival has not been examined. 

Thus, we used a gal-3 specific glycan inhibitor, GCS-100, to remove cell surface gal-3 from 

SUDHL-6 cells. In other studies using GCS-100 as a gal-3 antagonist, GCS-100 alone was 
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cytotoxic at high concentration for multiple myeloma cells.13,14 At concentrations < 75 mg/mL, 

GCS-100 did not affect the viability of SUDHL-6 cells, while reduced viability was observed at 

higher concentrations of GCS-100 (Figure 3-2A). Thus, to remove cell surface gal-3, we treated 

SUDHL-6 cells with 75 mg/mL for 24 hours, fixed the cells, and determined the effect on cell 

surface gal-3 by flow cytometry.  Figure 3-2B shows that GCS-100 typically removed ~75% of 

the cell surface gal-3 from SUDHL-6 cells.  

We also determined that the effect of GCS-100 was limited to cell surface gal-3. When 

SUDHL-6 cells treated with or without GCS-100 were analyzed by immunoblot to detect total 

gal-3 (Figure 3-2C), we saw no appreciable difference in total gal-3 in cells treated with GCS-

100 compared to control cells, implying that GCS-100 specifically removed cell surface gal-3 

without significantly affecting the cytoplasmic gal-3 pool. This also implies that cell surface gal-

3 is a relatively small fraction of the total gal-3 in SUDHL-6 cells, as we did not observe a 

difference in total gal-3 by immunoblot concurrent with the decrease of cell surface gal-3 

detected by flow cytometry.  

To determine whether the removal of cell surface gal-3 by GCS-100 was reversible, we 

treated SUDHL-6 cells with 75 µg/mL GCS-100 for 24 hours, washed the cells to remove the 

GCS-100, and allowed cells to incubate for 1 hour at 37 °C. As shown in Figure 3-3, cells treated 

with GCS-100 had repopulated the cell surface with gal-3 to control levels within 1 hour of 

removal of GCS-100. Thus, the effect of GCS-100 was reversible, and in the absence of 

continuous GCS-100 treatment, SUDHL-6 cells repopulated the cell surface with gal-3.  

 

Removal of cell surface gal-3 sensitizes DLBCL cells to apoptosis 
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Gal-3 has been reported to have anti-apoptotic activity in a number of types of tumor 

cells, including B lymphoma cells;6-8 however, removal of cell surface gal-3 alone with GCS-100 

did not decrease cell viability (Figure 3-2A). Thus, we asked if removal of cell surface gal-3 

would sensitize DLBCL cells to apoptosis induced by other agents. Both SUDHL-6 and 

SUDHL-9 are relatively resistant to several agents, including dexamethasone (dex) (Figure 3-

4A). However, removal of cell surface gal-3 from SUDHL-6 cells by GCS-100 sensitized the 

cells to dex. As shown in Figure 3-4A, dex alone had minimal effect on SUDHL-6 cell viability, 

while removal of cell surface gal-3 with GCS-100 resulted in an approximately 2-fold increase in 

cell death compared to dex alone. In contrast, GCS-100 treatment of SUDHL-9 cells that lack 

gal-3 expression did not sensitize the cells to dex. To ensure that the observed effect of GCS-100 

was not specific to SUDHL-6 and SUDHL-9 cell lines, we treated additional gal-3- and gal-3+ 

cell lines with GCS-100 in combination with dex and observed a similar results (Figure 3-5). 

Importantly, we observed that cell surface gal-3 was necessary for the effect of GCS-100, as the 

BCBL1 DLBCL cell line that expressed intracellular but not cell surface gal-3 was not sensitized 

to dex by treatment with GCS-100 (Figure 3-5). 

These results indicated that cell surface gal-3 contributed to apoptosis resistance of 

DLBCL cells to dex, so we asked if removing cell surface gal-3 would sensitize SUDHL-6 cells 

to other apoptosis-inducing chemotherapeutic agents. SUDHL-6 cells were treated with GCS-

100 for 1 hour prior to the addition of dex, etoposide, or rituximab. Removal of cell surface gal-3 

with GCS-100 sensitized the cells to all three agents in a dose-dependent manner (Figure 3-4B, 

C, D). Thus, removal of cell surface gal-3 was sufficient to sensitize gal-3+ DLBCL cells to 

different apoptotic stimuli.  
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 To confirm that intracellular apoptotic pathways were being triggered by these agents, we 

examined activation of the caspase-8 apoptotic pathway.14,29-31 GCS-100 removal of cell surface 

gal-3 alone did not activate caspase-8 in SUDHL-6 cells (Figure 3-4E, F). However, GCS-100 

removal of cell surface gal-3 prior to dex (Figure 3-4E) or rituximab (Figure 3-4F) significantly 

increased caspase-8 activation compared to dex or rituximab alone. These data confirm that 

removal of cell surface gal-3 sensitized these cells to apoptosis induced by different agents.   

 

CD45 is the primary glycoprotein receptor for cell surface gal-3 on DLBCL cells 

 Soluble, secreted gal-3 stays cell-surface associated by binding to specific glycan-bearing 

counterreceptors on the plasma membrane. To identify plasma membrane receptors that could 

contribute to the anti-apoptotic activity of cell surface gal-3, we biotinylated cell surface proteins 

on DLBCL cells and used a co-immunoprecipitation approach that we previously used to 

identify galectin-1 receptors on dendritic cells.32 SUDHL-6 and SUDHL-9 were biotinylated, 

endogenous gal-3 was immunoprecipitated from cell extracts, and gal-3 associated cell surface 

proteins were detected with streptavidin-HRP (Figure 3-6A). As expected, no biotinylated 

proteins were detected in the precipitates from SUDHL-9 cells that do not express gal-3. In 

contrast, we detected biotinylated cell surface glycoproteins associated with gal-3 in SUDHL-6 

cells; surprisingly, there was only one predominant cell surface receptor for gal-3, with a 

molecular weight of >250 kDa (Figure 3-6A).  

Given the size and heterogeneity of the precipitated glycoprotein, we considered that 

CD45 was a likely candidate counterreceptor for gal-3, as our prior work identified CD45 as a 

counterreceptor for gal-3 on T cells.23,24 Immunoblotting of the precipitated material confirmed 

that the major cell surface receptor for gal-3 on DLBCL cells was CD45 (Figure 3-6B). 
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Importantly, while CD45 is a heterogeneous population of glycoproteins, due to expression of 

different CD45 isoforms and differential glycosylation, we observed that only a high molecular 

weight subset of CD45 immunoprecipitated with gal-3 (Figure 3-6B). These results suggested 

that gal-3 selectively binds to a subset of CD45 on these cells.  

We confirmed that gal-3 bound CD45 in a glycan dependent manner and that gal-3 bound 

to CD45 was removed by GCS-100. SUDHL-6 cells were treated with or without GCS-100 and 

endogenous gal-3 was immunoprecipitated from cell extracts. Treatment with GCS-100 

dramatically decreased the amount of CD45 co-precipitated with gal-3 (Figure 3-6C). Thus, gal-

3 binds to glycans on a subset of CD45, and gal-3 can be removed from CD45 with GCS-100. 

Finally, we confirmed that binding of endogenous gal-3 to DLBCL cells correlated with the 

amount of cell surface CD45. CD45 expression was decreased in SUDHL-6 cells with siRNA, 

and cells were evaluated for cell surface gal-3 expression (Figure 3-6D). We found that although 

the CD45 knockdown on the cell surface was modest (~20%) (Figure 3-6D, left panel), cell 

surface gal-3 decreased proportionally (Figure 3-6D, right panel). These results further suggest 

that CD45 is the major cell surface receptor of gal-3 in DLBCL cells.   

 

Specific O-glycans on CD45 bind gal-3 to regulate susceptibility to apoptosis  

 As described above, CD45 on SUDHL-6 cells is a diverse population (Figure 3-6B, 

Figure 3-7A), and gal-3 preferentially binds to a subset of high molecular weight CD45 on 

SUDHL-6 cells (Figure 3-6B). This heterogeneity could result different expression of CD45 

isoforms, as well as from differential glycosylation of different isoforms. SUDHL-6 and 

SUDHL-9 cells express virtually identical amounts of total cell surface CD45, as detected by 

flow cytometry using an antibody cocktail that recognizes all five isoforms of CD45 (Figure 3-
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7B). We examined differential CD45 isoform expression between the two cell lines by RT-PCR, 

and found that both SUDHL-6 and SUDHL-9 express the same set of CD45 splice variants 

(Figure 3-7C). Because SUDHL-6 and SUDHL-9 express similar amounts of CD45 and similar 

isoforms of CD45, we reasoned that the differences in CD45 mobility as detected by immunoblot 

between SUDHL-6 and SUDHL-9 cells, as well as the preferential binding of gal-3 to a high 

molecular weight subset of CD45 on SUDHL-6 cells could be due to differential glycosylation. 

In fact, exogenous gal-3 added to SUDHL-9 cells did not bind to CD45 (Figure 3-8), further 

implying that gal-3 binds to a specifically glycosylated subset of CD45 expressed by SUDHL-6 

cells, but not by SUDHL-9 cells. 

 All isoforms of CD45 can be decorated by both complex N-glycans and core 2 O-

glycans. Complex N-glycans and core 2 O-glycans both contain lactosamine sequences, the 

preferred glycans ligands recognized by gal-3.10 Complex N-glycans have been identified as 

being crucial for gal-3 binding to some glycoprotein counterreceptors, including CD45 on T 

cells.19,24 We analyzed SUDHL-6 and SUDHL-9 cells for complex N-glycan expression by flow 

cytometric analysis with the plant lectin PHA-L and the two cell lines demonstrated comparable 

binding of PHA-L (Figure 3-7D). To determine if complex N-glycans were required for gal-3 

binding to SUDHL-6 cells, we treated the cells with the mannosidase I inhibitor DMNJ to block 

processing of high mannose N-glycans into complex-type, and confirmed the effectiveness of 

DMNJ treatment by reduction in PHA-L binding (Figure 3-7E, left panel). However, DMNJ 

treatment did not reduce the amount of gal-3 on the cell surface (Figure 3-7E, right panel), nor 

did DMNJ treatment reduce the amount of CD45 that co-precipitated with gal-3 (data not 

shown).  
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 As complex N-glycans were not essential for gal-3 binding to CD45 on these cells, we 

asked if core 2 O-glycans bearing lactosamine sequences were important for gal-3 binding to 

CD45. Core 2 O-glycans are created by the addition of a branching GlcNAc residue to asialo-

core 1 O-glycan precursors by the enzyme C2GnT-1; the core 2 branch can then be elongated 

into polylactosamine sequences, the preferred ligand of gal-3.10 SUDHL-6, but not SUDHL-9, 

cells had abundant asialo-core 1 O-glycans, as detected by flow cytometric analysis with the 

plant lectin PNA (Figure 3-7F). Additionally, SUDHL-6 cells expressed C2GnT-1, while 

SUDHL-9 cells did not (Figure 3-7G).  

To determine if core 2 O-glycans were necessary for gal-3 binding to SUDHL-6 cells, we 

reduced expression of C2GnT-1 using siRNA and analyzed the cells for cell surface gal-3 by 

flow cytometry. The efficiency of the siRNA treatment was confirmed by RT-PCR (Figure 3-

7H). Cells with reduced C2GnT-1 expression had a reduction in the amount of endogenous gal-3 

on the cell surface (data not shown). Exogenous recombinant biotinylated gal-3 was added to 

SUDHL-6 cells treated with C2GnT-1 siRNA or control siRNA, the exogenous gal-3 bound to 

the cell surface was precipitated from cell lysates with streptavadin-agarose, and CD45 in the 

precipitates detected by immunoblotting. Reduction of C2GnT-1 expression decreased the 

amount of gal-3 bound to CD45 (Figure 3-7I). Thus, core 2 O-glycans, not branched N-glycans, 

are required for gal-3 binding to CD45 on DLBCL cells.  

 

Gal-3 binding to CD45 modulates phosphatase activity 

  CD45 is the most abundant tyrosine phosphatase in B cells. For T cells, there is 

considerable evidence demonstrating that intracellular CD45 phosphatase activity is regulated by 

the degree of CD45 clustering on the cell surface; CD45 phosphatase activity is reduced when 
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CD45 is clustered.33 Specifically, another galectin family member, galectin-1, binds to CD45 on 

T cells and reduces phosphatase activity by clustering CD45.20,34,35 To evaluate whether gal-3 

binding to CD45 on DLBCL cells affects intracellular phosphatase activity, exogenous 

recombinant gal-3 was added to SUDHL-6 and SUDHL-9 cells and tyrosine phosphatase activity 

in cell extracts was measured. Binding of exogenous gal-3 was confirmed by flow cytometry 

(Figure 3-9).  Exogenous gal-3 significantly reduced phosphatase activity in SUDHL-6 cells, 

whereas phosphatase activity in SUDHL-9 cells was unaffected by exogenous gal-3 (Figure 3-

10A). Intriguingly, galectin-1 bound to CD45 on DLBCL cells (Figure 3-11A), but did not affect 

phosphatase activity (Figure 3-11B), suggesting that galectin-1 and gal-3 are not redundant in 

DLBCL cells. The inhibitory effect of gal-3 on phosphatase activity in SUDHL-6 cells was 

abrogated by the competitive inhibitor lactose, but not by sucrose, confirming that the reduction 

in CD45 phosphatase activity resulted from gal-3 binding to glycan ligands on CD45 (Figure 3-

10B).  

Gal-3, like all galectins, can form multimers that enhance binding avidity; gal-3 

specifically has been shown to form pentamers through the N-terminal domain upon binding 

glycan ligands.17 Galectin-mediated multimerization or clustering of glycoprotein ligands is 

required for most effects of cell surface galectins, such as clustering of CD45 by galectin-1. To 

determine if the reduction in tyrosine phosphatase activity that we observed after addition of gal-

3 to intact SUDHL-6 cells required gal-3 multimerization, we used gal-3C, a construct 

containing only the C-terminal CRD and lacking the N-terminal domain required for 

multimerization. We treated SUDHL-6 cells with gal-3C and measured tyrosine phosphatase 

activity. Unlike intact gal-3 that reduced phosphatase activity, binding of gal-3C did not reduce 
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phosphatase activity (Figure 3-10C). This indicates that gal-3 binding to CD45 and reduction of 

phosphatase activity involves clustering of CD45 by multimeric gal-3.  

 To directly assess whether gal-3 binding to cell surface CD45 facilitates CD45 clustering, 

we used the non-reducible cross-linking agent BS3 to cross-link cell surface proteins on SUDHL-

6 cells treated with or without GCS-100. Cell lysates were prepared and CD45 was examined by 

immunoblotting (Figure 3-12A). In whole cell lysates from cells treated with BS3, CD45 from 

control SUDHL-6 cells migrated as a high molecular weight smear, while CD45 from SUDHL-6 

cells treated with GCS-100 prior to cross-linking lacked the highest molecular weight bands seen 

in the control cells. Moreover, immunoprecipitated CD45 from control SUDHL-6 cells contained 

these high molecular weight bands that were not detectable in CD45 immunoprecipitated from 

GCS-100 treated cells. This indicates that removing gal-3 from DLBCL cells reduced the 

fraction of cell surface CD45 that associated in clusters.  

If removing cell surface gal-3 from CD45 reduced CD45 clustering, and CD45 clustering 

is known to decrease CD45 phosphatase activity,33 removal of cell surface gal-3 would be 

expected to result in increased CD45 phosphatase activity. SUDHL-6 and SUDHL-9 cells were 

treated with or without GCS-100, loss of cell surface gal-3 was confirmed by flow cytometry as 

in Figure 2 (data not shown), and tyrosine phosphatase activity was determined (Figure 3-12B). 

As predicted, removing gal-3 from SUDHL-6 cells resulted in a significant increase in 

phosphatase activity, while phosphatase activity in SUDHL-9 cells was unaffected. Thus, 

removing cell surface gal-3 from CD45 reduces CD45 multimerization and increases tyrosine 

phosphatase activity.  

 Importantly, we wanted to determine if the increase in phosphatase activity following 

removal of cell surface gal-3 (Figure 3-12B) was involved in the GCS-100 mediated 
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sensitization of gal-3+ DLBCL cells to pharmacologic agents that we had seen in Figures 3-4 

and 3-5. We used the tyrosine phosphatase inhibitor bp(V)phen20  to inhibit CD45 phosphatase 

activity; we confirmed that bp(V)phen decreased phosphatase activity in SUDHL-6 cells without 

decreasing cell viability (data not shown). SUDHL-6 cells were treated with or without 

bp(V)phen prior to removal of cell surface gal-3 with GCS-100 and subsequent treatment with 

dex or rituximab. As shown in Figures 3-12C and 3-12D, inhibiting phosphatase activity with 

bp(V)phen did not affect susceptibility of SUDHL-6 cells to death from dex or rituximab alone. 

As shown in Figure 3-4B, GCS-100 treatment sensitized the cells to dex and rituximab. 

However, inhibiting phosphatase activity with bp(V)phen abrogated the effect of GCS-100 in 

sensitizing the cells to either dex or rituximab. These results indicate that GCS-100-mediated 

removal of cell surface gal-3 from CD45 enhanced CD45 phosphatase activity, and this 

enhanced phosphatase activity was essential for sensitization of the cells to dex and rituximab. 

These results implicate cell surface gal-3 and CD45 in apoptosis resistance of DLBCL cells. 

To confirm that the increase in phosphatase activity following removal of cell surface 

gal-3 (Figure 3-12B) was accompanied by changes in signaling pathways downstream of CD45, 

we examined signaling downstream of the B cell receptor (BCR), a pathway known to involve 

CD45 phosphatase activity.22,36 SUDHL-6 cells were treated with or without GCS-100, BCR 

signaling was stimulated by cross-linking the BCR with anti-IgM, and Erk activation was 

analyzed by immunoblot of cell lysates. As shown in Figure 3-12E, removal of cell surface gal-3 

from DLBCL cells prior to the anti-IgM stimulus resulted in more robust activation of Erk, as 

determined by increased Erk phosphorylation, compared to control cells treated with anti-IgM 

alone. We also examined phosphorylation of Lyn, a known substrate of CD45 phosphatase in B 

cells,22 following removal of cell surface gal-3. Removal of cell surface gal-3 from SUDHL-6 
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cells resulted in decreased phosphorylation of Lyn at inhibitory residue Y507, compared to Lyn 

from control treated cells (Figure 3-12F). Thus, removal of cell surface gal-3 augmented 

activation of signaling pathways downstream of CD45 phosphatase.  
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DISCUSSION 

 The resistance of lymphoma cells to apoptosis induced by chemotherapeutic agents is a 

major obstacle in the treatment of DLBCL.3,4 We propose that expression and cell surface 

localization of gal-3, and interaction of cell surface gal-3 with CD45 to regulate CD45 tyrosine 

phosphatase activity, is a novel mechanism of apoptosis resistance in DLBCL. In the present 

study, when the interaction of gal-3 and CD45 on DLBCL cells was disrupted by removing cell 

surface gal-3 with GCS-100, cells were sensitized to apoptosis induced by a variety of agents 

(Figure 3-4). Furthermore, signaling from CD45 phosphatase, which was activated by the 

removal of gal-3 from CD45 (Figure 3-12B), was required for this sensitization to cell death 

(Figure 3-12C, D). These findings indicate that cell surface gal-3 may act as an “apoptotic block” 

in DLBCL, the majority of which express gal-3,4,6-9 and that disrupting the gal-3-CD45 

interaction may enhance sensitivity of these cells to a range of chemotherapeutic agents. 

Moreover, this work identifies a new potential role for CD45 in DLBCL survival. 

 Importantly, this study directly examined the role of cell surface vs. intracellular gal-3 in 

regulating DLBCL cell survival. Removal of only cell surface gal-3 by GCS-100 was sufficient 

to sensitize cells to apoptosis (Figure 3-4), indicating that the subpopulation of gal-3 at the cell 

surface could exert an anti-apoptotic function. Previous studies examining the anti-apoptotic 

activity of gal-3 have concentrated on cytoplasmic gal-3 interacting with Bcl-2 at the 

mitochondria, while cell surface gal-3 has been implicated in other functions, such as regulating 

TCR signaling and promoting T cell death or promoting tumor cell adhesion and 

metastasis.14,19,23,37,38 However, a recent study found that gal-3 acts at the cell surface to promote 

survival of colon adenocarcinoma cells.39 Cytoplasmic gal-3 may also have a role in promoting 

survival of DLBCL cells (Figures 3-13 and 3-14); however, our findings demonstrate a clear role 



 73 

for cell surface gal-3 in DLBCL cell resistance to apoptosis, and cell surface gal-3 may be an 

accessible and more tractable therapeutic target.  

 We propose that gal-3 binding to CD45 generates a cell surface galectin-glycoprotein 

lattice with subsequent reduction in phosphatase activity and downstream regulation of signaling 

pathways involved in cell death (Figure 3-12). This is the first report of a role for CD45 in the 

survival of DLBCL cells, and implies that CD45 phosphatase activity may also be a therapeutic 

target in DLBCL. Intriguingly, in contrast to the multiple glycoprotein receptors found for 

galectins on other cell types,21,23 CD45 was the predominant cell surface receptor for gal-3 on 

DLBCL cells (Figure 3-6A). However, CD45 is one of the largest and most abundant 

glycoproteins on B cells, and displays multiple glycan ligands to which gal-3 can bind. Gal-3 

binding to CD45 creates high molecular weight clusters of CD45 that are dispersed by removal 

of gal-3 with GCS-100 (Figure 3-12A), and gal-3 binding to CD45 regulates phosphatase activity 

(Figure 3-10A, 3-12B). This is consistent with prior work showing that CD45 multimerization, 

by galectin-1 binding or by modulating CD45 glycosylation, inhibits phosphatase activity,20,33,40 

although this is the first report of gal-3 having this effect and this type of CD45 phosphatase 

regulation in B cells.     

CD45 glycosylation is critical in regulating the interaction with gal-3. Notably, inhibiting 

formation of core 2 O-glycans reduced gal-3 binding to CD45 on DLBCL cells, while inhibiting 

formation of complex N-glycans did not reduce gal-3 binding (Figure 3-7). These data indicate 

that gal-3 binds to core 2 O-glycans on DLBCL cells to cluster CD45 and regulate phosphatase 

activity. While previous studies have identified polylactosamine-bearing N-glycans as critical for 

gal-3 binding to glycoproteins, including CD45, on T cells,19,24 polylactosamine bearing core 2 

O-glycans may be the primary ligands for gal-3 on B lymphoma cells. While SUDHL-6 cells 
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expressed core 2 O-glycans, SUDHL-9 cells did not (Figure 3-7G) and, thus, gal-3 did not bind 

to CD45 on SUDHL-9 cells (Figure 3-8). In fact, addition of exogenous gal-3 to SUDHL-9 cells 

as well as an additional gal-3- cell line, SUDHL-8, did not increase resistance to apoptosis 

(Figure 3-15). This data implies that gal-3 binds to core 2 O-glycans on CD45 to exert its anti-

apoptotic function.   

 In analysis of DLBCL cell lines, we found that gal-3 was expressed by cells that 

concurrently express a heterogeneous, higher molecular weight population of CD45, indicating 

extensive glycosylation and glycan heterogeneity; SUDHL-6 expressed both gal-3 and high 

molecular weight CD45, while SUDHL-9 did not express gal-3 and had less CD45 heterogeneity 

(Figure 3-6). Importantly, we also observed a similar trend in primary DLBCL tissue, albeit with 

a small sample size (Figure 3-16). Does CD45 glycosylation influence gal-3 expression or vice 

versa? Recent studies provide compelling examples where the expression or loss of a single 

carbohydrate binding protein results in altered glycosylation and vice versa,41-43 suggesting that 

this could be the case with gal-3 and CD45 glycosylation in DLBCL cells.  

 Although numerous anti-apoptotic mechanisms have been identified for sub-populations 

of DLBCL,44-46 there is no consistent mechanism of apoptosis resistance in DLBCL. However, 

gal-3 is consistently reported to be expressed by the majority of primary DLBCL,4,6-9 regardless 

of histological or genetic subtype. As removal of cell surface gal-3 sensitized cells to a variety of 

agents with distinct apoptotic mechanisms (Figure 3-4), cell surface gal-3 may act as a general or 

upstream block to cell death in DLBCL. Because GCS-100 can remove cell surface gal-3 (Figure 

3-2),18 this indicates that GCS-100 could be a useful adjunct in therapies for DLBCL. Unlike 

other gal-3 inhibitors,12,47 for which the mechanism(s) and site(s) of action have not been 

thoroughly studied, it is clear from the present work that GCS-100 can act at the cell surface to 
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remove gal-3 from CD45 to regulate phosphatase activity and permit apoptotic signaling. In 

addition to our data demonstrating that GCS-100 sensitized DLBCL cells to apoptosis, prior 

studies have shown that GCS-100 promotes apoptosis of other types of hematopoietic neoplastic 

cells, such as multiple myeloma, either directly or in combination with chemotherapeutic 

agents.13,14 GCS-100 has also been shown to activate tumor infiltrating T lymphocytes and 

promote tumor rejection in a mouse model.18 GCS-100 has already been in Phase I clinical trials 

for other malignancies, and demonstrated an acceptable human safety profile, prompting 

initiation of subsequent trials in several types of hematopoietic malignancies.14,48-50 Thus, GCS-

100 may warrant re-examination as a promising adjunct therapy in DLBCL. Collectively, the 

data presented here identify the interaction of cell surface gal-3 with CD45, regulating CD45 

phosphatase activity, as a novel mechanism of apoptosis resistance in DLBCL.  
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Figure 3-1. DLBCL cells express and secrete gal-3.  

(A) Primary DLBCL tissue sections were analyzed for gal-3 expression by 

immunohistochemistry. (B, C) SUDHL-6 and SUDHL-9 cell lines derived from patients with 

DLBCL were analyzed for total gal-3 expression by immunoblot (B) and gal-3 cell surface 

expression by flow cytometry (C). For (C), cells were fixed prior to staining to retain cell surface 

gal-3, as described in the Materials and Methods. 
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Table 3-1. Gal-3 expression by DLBCL cell  lines 

Cell Line Gal-3 expression 

SUDHL-4 - 
SUDHL-6 + 
SUDHL-8 - 
SUDHL-9 - 
SUDHL-16 + 
HBL1 + 
BCBL-1 + 
E1 + 
KS-21 + 
NU-DHL-11 - 
R1 + 
RRBL1 + 
 1Observed in reference (6) 
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Figure 3-2. GCS-100 removes cell surface gal-3 from DLBCL cells.  

(A) Cytotoxicity of GCS-100 alone. Viability of SUDHL-6 cells treated with GCS-100 for 24 

hours over the indicated dose range was determined. At ≤75 mg/mL, there was no GCS-100 

toxicity, while cell death to GCS-100 alone was observed at >75 mg/mL. Values are means ± SD 

of triplicates from 1 of 3 independent experiments. (B) GCS-100 removes cell surface gal-3. 

SUDHL-6 cells were treated with 75 mg/mL GCS-100 (thin line) or buffer control (thick line) 

for 24 hours and cell surface gal-3 measured by flow cytometry. (C) Total gal-3 was examined 

by immunoblot following treatment of SUDHL-6 cells with 75 µg/mL GCS-100 or buffer alone. 

GCS-100 treatment did not appreciably alter the total amount of gal-3 in SUDHL-6 cells.  
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Figure 3-3. Cell surface gal-3 is repopulated quickly following removal of GCS-100 

To determine the dynamics of gal-3 localization on the cell surface, SUDHL-6 cells were treated 

with 75 µg/mL GCS-100 or control for 24 hours at 37 °C. GCS-100 was washed out with PBS, 

and cells were treated with either 75 µg/mL GCS-100 or buffer control for 1 hour at 37 °C. Cells 

were fixed and cell surface gal-3 was evaluated by flow cytometry. Cells treated with GCS-100 

had less cell surface gal-3 (compare thick line, left panel to thin line, right panel), as we had seen 

previously (Figure 3-2B). While there was no appreciable difference in cell surface gal-3 

between control cells treated with buffer control or GCS-100 for 1 hour (left panel), GCS-100 

treated cells that remained in GCS-100 had less cell surface gal-3 compared to cells that were 

taken out of GCS-100 (right panel).  
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Figure 3-4. Removal of cell surface gal-3 with GCS-100 sensitizes DLBCL cells to cell death. 

(A) To remove cell surface gal-3, SUDHL-6 and SUDHL-9 cells were treated with 75 mg/mL 

GCS-100 or buffer alone for 1 hour prior to addition of dexamethasone (dex) and analyzed for 

annexin V staining 24 hours later. SUDHL-6 cells were relatively resistant to dex alone (left 

panel, thin line) compared to control treatment (left panel, grey); however, treatment with GCS-

100 prior to dex increased the fraction of annexin V-positive cells (left panel thick line). 

SUDHL-9 cells were resistant to dex alone (right panel, thin line) compared to control treatment 

(right panel, grey) and no increase in annexin V binding was observed after treatment with GCS-

100 plus dex (right panel, thick line). (B, C, D) SUDHL-6 cells were treated with increasing 

doses of GCS-100 for one hour prior to treatment with (B) 10 µM dex, (C) 5 µg/mL rituximab, 

or (D) 1 µM etoposide for 24 hours. Cells were analyzed for annexin V binding and PI uptake. 

Viability was determined as described in Materials and Methods; ** p<.001, *** p<.0001. (E, F) 

Removal of cell surface gal-3 with GCS-100 permitted caspase-8 activation. Caspase-8 

activation was determined in SUDHL-6 cells treated with GCS-100 or buffer control and (E) dex 

or (F) rituximab; ** p<.001p. In B-F, values are mean ± SD of triplicate samples from 1 

representative of 3 independent replicate experiments. 
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Figure 3-5. The effect of GCS-100 on sensitization to death is dependent on cell surface gal-3. 

(A) Three additional cell lines derived from patients with DLBCL were evaluated for total 

cellular gal-3 by immunoblot. Gal-3 was not detected in the whole cell lysate of SUDHL-8 cells, 

whereas gal-3 was detected in the whole cell lysates of SUDHL-16 and BCBL1 cells. (B) Cell 

surface gal-3 expression was assessed by flow cytometry, as described in the Materials and 

Methods. Gal-3 was not detected on the cell surface of SUDHL-8 cells, whereas gal-3 could be 

detected on the surface of SUDHL-16 cells. Although BCBL1 cells expressed cytoplasmic gal-3 

as detected by immunoblot, little gal-3 was detected on the cell surface of BCBL1 cells, 

indicating that gal-3 is not secreted from or retained of the surface of BCBL1 cells. (C) Cell 

death following dex, GCS-100, or GCS-100 + dex was determined by annexin V and PI staining, 

as described in the Materials and Methods. While GCS-100 did not sensitize the cell surface gal-

3- cell lines SUDHL-8 and BCBL1 to death, GCS-100 did sensitize the cell surface gal-3+ cell 

line SUDHL-16 to death (*** p<.0001). In C, values are mean ± SD of triplicate samples from 1 

representative of 2 independent replicate experiments.
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Figure 3-6. Cell surface gal-3 binds to CD45 on DLBCL cells.  

(A) To identify glycoprotein receptors for gal-3, endogenous gal-3 was immunoprecipitated from 

SUDHL-6 (S-6) and SUDHL-9 (S-9) cells that were biotinylated to label cell surface 

glycoproteins. Precipitates were separated by SDS-PAGE and blotted to nitrocellulose and 

biotinylated gal-3-binding proteins detected with streptavidin-HRP. As expected, no gal-3 

associated proteins were precipitated from SUDHL-9 cells. In SUDHL-6 cells, a single major 

gal-3 binding protein was detected at ~250 kDa. (B) Immunoblotting with anti-CD45 of material 

immunoprecipitated in (A) confirmed that gal-3 precipitated CD45 from SUDHL-6 cells. (C) 

GCS-100 reduced the amount of CD45 associated with gal-3, compared to control treated cells. 

SUDHL-6 cells were treated with GCS-100 or buffer control for 1 hour, endogenous gal-3 was 

immunoprecipitated, and the amount of associated CD45 was determined by immunoblot. (D) To 

confirm gal-3 binding to DLBCL cell was dependent on CD45, expression of CD45 was 

decreased in SUDHL-6 cells with siRNA. Efficiency of CD45 knockdown was determined by 

flow cytometry (left panel). Cell surface gal-3 was decreased in cells transfected with CD45 

siRNA compared to control siRNA (right panel). 
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Figure 3-7. Core 2 O-glycans on differentially glycosylated CD45 contribute to gal-3 binding  

(A) SUDHL-6 (S-6) and SUDLH-9 (S-9) cells express different populations of CD45. Cell 

lysates were separated on a 3-8% Tris-acetate SDS-PAGE gel to resolve high molecular weight 

isoforms of CD45, detected by immunoblot. (B) SUDHL-6 and SUDHL-9 cells express 

equivalent amounts of total CD45 on the cell surface. Cells were analyzed by flow cytometry 

using the 2B11 + PD7/26 mAbs that recognizes all CD45 isoforms. (C) SUDHL-6 and SUDHL-

9 cells express the same set of CD45 transcriptional products, detected by RT-PCR, indicating 

that the two cell lines express the same splice variants of CD45: CD45RB (236 bp), CD45RBC 

(380 bp), and CD45RABC (577 bp). (D) The abundance of complex N-glycans on the surface of 

SUDHL-6 and SUDHL-9 cells was determined by binding of biotinylated PHA-L, detected with 

avidin-FITC. (E) Reduction in complex N-glycans on SUDHL-6 cells did not reduce the amount 

of endogenous gal-3 at the cell surface. SUDHL-6 cells were treated with the mannosidase 

inhibitor DMNJ; DMNJ efficacy was confirmed by decreased PHA-L binding (left panel). 

SUDHL-6 cells treated with or without DMNJ were analyzed for cell surface gal-3 by flow 

cytometry (right panel); although DMNJ reduced complex N-glycans on the cell surface, there 

was no decrease in endogenous cell surface gal-3. (F) The abundance of asialo core 1 O-glycans 

on the surface of SUDHL-6 and SUDHL-9 cells were was determined by binding of biotinylated 

PNA, detected with avidin-FITC.  (G) SUDHL-6 but not SUDHL-9 cells express mRNA 

encoding the enzyme C2GnT-1, that initiates addition of lactosamine chains to asialo core 1 O-

glycans. C2GnT-1 mRNA detected by RT-PCR. (H) siRNA targeting (+) reduced C2GnT-1 

mRNA in SUDHL-6 cells. Non-targeted siRNA (-) was used as a control. Knockdown efficiency 

was determined 24 hours post-transfection by RT-PCR. Cells transfected with C2GnT-1 siRNA 

did not show a decrease in viability compared to those transfected with control siRNA (data not 
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shown) (I) Reduction of C2GnT-1 expression by siRNA reduced cell surface gal-3 association 

with CD45. Biotin-gal-3 or biotin-BSA was added to SUDHL-6 cells treated with siRNA for 

C2GnT-1 or control. Biotinylated gal-3 and associated binding partners were precipitated from 

lysates with streptavidin-agarose (SA). While gal-3 precipitated CD45 from control cells, there 

was a significant reduction in CD45 association with gal-3 in cells with reduced C2GnT-1.  
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Figure 3-8. Gal-3 binds to a subset of CD45 on DLBCL cells.  

SUDHL-6 (S-6) and SUDHL-9 (S-9) cells were incubated with exogenous recombinant gal-3 (+) 

or buffer control (-) for 30 minutes at 37 oC, fixed with DTSSP and solubilized as described in 

Materials and Methods. Gal-3 was immunoprecipitated from lysates, precipitates were separated 

by SDS-PAGE, and CD45 and gal-3 were detected by immunoblotting. As expected, 

endogenous and exogenous gal-3 co-precipitated with CD45 on SUDHL-6 cells (lanes 6 and 7, 

respectively). As SUDHL-9 cells do not express endogenous gal-3, CD45 did not co-precipitate 

with the anti-gal-3 antibody (lane 8). However, when exogenous recombinant gal-3 was added to 

SUDHL-9 cells, gal-3 was immunoprecipitated but no CD45 was detected in the complexes (lane 

9). This indicates that, while CD45 on SUDHL-6 cells displays glycan ligands that permit gal-3 

binding, CD45 on SUDHL-9 cells does not display glycan ligands that permit gal-3 binding.  
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Figure 3-9. Exogenous gal-3 binds to DLBCL cells 

SUDHL-6 cells were treated with exogenous recombinant gal-3 for 1 hour at 37 °C. Bound 

exogenous gal-3 was fixed with DTSSP and detected with an anti-gal-3 antibody by flow 

cytometry, as described in the Materials and Methods. As shown previously, control cells were 

gal-3+ (thin line compared to gray isotype control). Cells treated with exogenous gal-3 showed 

increased cell surface gal-3 compared to control cells (thick line compared to thin line). This data 

implies that there are unoccupied gal-3 binding sites on SUDHL-6 cells that may be bound by 

exogenous gal-3. 
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Figure 3-10. Exogenous gal-3 binding to CD45 reduces tyrosine phosphatase activity.  

(A) SUDHL-6 and SUDHL-9 cells were treated with 5 µM gal-3 and intracellular tyrosine 

phosphatase activity determined spectrophotometrically. Exogenous gal-3 significantly 

decreased phosphatase activity in SUDHL-6 cells, but had no effect on phosphatase activity in 

SUDHL-9 cells (*** p<.0001). (B) Gal-3 reduction of CD45 phosphatase activity is glycan 

dependent. Gal-3 was pre-incubated with 100 mM lactose or sucrose or with buffer control for 

15 minutes at 37oC prior to treatment of SUDHL-6 cells. Although treatment with gal-3 alone or 

gal-3 plus sucrose significantly reduced phosphatase activity (*** p<.0001), no reduction in 

phosphatase activity was seen in cells treated with gal-3 plus lactose to block gal-3 binding. (C) 

Multimerization of gal-3 is required to reduce phosphatase activity. Gal-3C is the C-terminal 

domain of gal-3 that lacks the N-terminal peptide required for multimerization. SUDHL-6 cells 

were treated with gal-3 or gal-3C and assayed for phosphatase activity. Although gal-3 

significantly reduced phosphatase activity (*** p<.0001), gal-3C did not affect phosphatase 

activity. Values are mean ± SD for triplicates from 1 representative of 3 independent replicate 

experiments. 
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Figure 3-11. Exogenous galectin-1 binds to CD45, but does not affect phosphatase activity on 

DLBCL cells 

(A) Galectin-1 (gal-1) can bind CD45 on SUDHL-6 cells. 20 µM gal-1 was bound to SUDHL-6 

cells for 30 minutes at 37 °C. Cells were fixed with DTSSP and gal-3 or gal-1 were 

immunoprecipitated from whole cell lysates (WCL). CD45 was detected in the WCL and in 

immunoprecipitates by immunoblot. Gal-1 immunoprecipitated with CD45 in cells that were 

treated with exogenous gal-1. (B) Gal-1 does not affect phosphatase activity of DLBCL cells. 

SUDHL-6 and SUDHL-9 cells were treated with exogenous gal-3, exogenous gal-1, or the 

respective buffer controls, and phosphatase activity was determined. As in Figure 3-9, the 

addition of exogenous gal-3 significantly reduced phosphatase activity in SUDHL-6 cells (*** 

p<.0001) and did not affect phosphatase activity of SUDHL-9 cells. Addition of gal-1 did not 

affect phosphatase activity of either SUHDL-6 or SUDHL-9 cells. Values are mean ± SD for 

triplicates from 1 representative of 3 independent replicate experiments.
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Figure 3-12. Removal of endogenous gal-3 from CD45 increases phosphatase activity to 

potentiate DLBCL cell death  

(A) Removal of cell surface gal-3 alters CD45 clustering. SUDHL-6 cells were treated with 75 

µg/mL GCS-100 or buffer control for 1 hour and cell surface glycoproteins were immediately 

crosslinked with the non-reducible crosslinker BS3. CD45 was immunoprecipitated from cell 

lysates and resolved by 3-8% Tris-acetate SDS-PAGE. In control-treated cells, high molecular 

weight clusters of CD45 are present (arrowheads), which are reduced when cells are treated with 

GCS-100. (B) Removal of cell surface gal-3 increases phosphatase activity. SUDHL-6 and 

SUDHL-9 cells were treated with 75 µg/mL GCS-100 and phosphatase activity measured. (*** 

p<.0001, values are mean ± SD of triplicates from 1 representative of 6 independent replicate 

experiments). (C, D) GCS-100 sensitization to cell death requires phosphatase activity. SUDHL-

6 cells were treated with the phosphatase inhibitor 12.5 nM bp(V)phen for 1 hour, followed by 

75 µg/mL GCS-100 for 1 hour, and dex (C) or rituximab (D) for 24 hours. Viability was 

determined as described in Materials and Methods. ** p<.001,   *** p<.0001, values are mean ± 

SD of triplicates from 1 representative of 3 independent replicate experiments for each treatment. 

(E, F) Removal of cell surface gal-3 alters downstream signaling regulated by via CD45 

phosphatase. (E) SUDHL-6 cells were treated with 75 µg/mL GCS-100 or buffer control for 30 

minutes prior to treatment with 10 µg/mL anti-IgM for 1 minute. Lysates were immunoblotted 

with anti-phospho-Erk and anti-Erk. Increased Erk phosphorylation was observed in GCS-100 

treated cells. (F) SUDHL-6 cells were treated with 75 µg/mL GCS-100 or buffer control for 1 

hour. Lyn was immunoprecipitated from cell lysates, and precipitates immunoblotted with anti-

phospho-Lyn (pY507) and anti-Lyn to determine Lyn activation. Decreased Lyn phosphorylation 

was seen in GCS-100 treated cells.
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Figure 3-13. Removal of cell surface gal-3 modestly decreases gal-3 at mitochondria 

(A) Gal-3 at the mitochondria of DLBCL cells. Mitochondrial gal-3 was examined following 75 

µg/mL GCS-100 treatment by immunoblot. Mitochondria were isolated from control- and GCS-

100-treated SUDHL-6 cells, and resolved by SDS-PAGE. Purity of isolated mitochondria was 

determined by immunoblotting with an anti-COXIV antibody. We observed a modest decrease 

of gal-3 at mitochondria following GCS-100 treatment. (B) Bcl-2 does not co-immunoprecipitate 

with anti-gal-3. Previous studies suggest that gal-3 interacts with Bcl-2 at mitochondria to 

promote apoptosis resistance. However, interaction between Bcl-2 and gal-3 was not detected in 

DLBCL cells.  
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 Figure 3-14. A role for intracellular gal-3 in DLBCL cell survival.  

(A) Gal-3 protein expression was reduced in SUDHL-6 cells by siRNA (+). A non-targeting 

siRNA was used as a control (-). After 24 hours, reduction in total gal-3 expression was 

determined by immunoblot. (B) Reduced gal-3 expression results in loss of cell viability, which 

cannot be compensated for by addition of exogenous gal-3. SUDHL-6 cells were transfected 

with control or gal-3 siRNA for 24 hours, and viability determined as % annexin V and PI 

positive cells. (*** p<.0001, control siRNA compared to gal-3 siRNA). While removal of cell 

surface gal-3 with GCS-100 alone did not affect cell viability (Figure 2), the decreased viability 

of cells with reduced total gal-3 indicates that intracellular gal-3 may play a role in DLBCL cell 

survival. Loss of intracellular gal-3 cannot be compensated by addition of only cell surface gal-3. 

SUDHL-6 cells were transfected with control or gal-3 siRNA for 24 hours. Exogenous gal-3 was 

added to replenish the population of gal-3 at the cell surface prior to treatment with dex. Cell 

death was determined as percentage annexin-V positive cells. Values are mean ± SD of 

triplicates from 1 representative of 3 independent replicate experiments. 
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Figure 3-15. Exogenous gal-3 does not increase survival of gal-3- DLBCL cells 

(A) Exogenous gal-3 was added to SUDHL-9 cells and bound for 30 minutes at 37 °C. Cells 

were fixed and bound gal-3 was detected by flow cytometry. SUDHL-9 does not express 

endogenous gal-3 (thin line) compared to the isotype control (gray filled). However, exogenous 

gal-3 binds to the surface of SUDHL-9 cells (thick line). (B) SUDHL-9 cells were treated with or 

without exogenous gal-3 for 30 minutes prior to 1 µM etoposide for 24 hours. Cell death was 

determined by annexin V and PI staining, as described in the Materials and Methods. There was 

no significant difference in susceptibility to etoposide in control SUDHL-9 cells vs. SUDHL-9 

cells treated with exogenous gal-3. (C) Exogenous gal-3 was added to the gal-3- cell line 

SUDHL-8, and detected as described above. SUDHL-8 does not express endogenous gal-3 (thin 

line) compared to the isotype control (gray filled). However, exogenous gal-3 can be detected on 

SUDHL-8 cells (thick line). (D) SUDHL-8 cells were treated with or without exogenous gal-3 

for 30 minutes prior to 1 µM etoposide for 24 hours. There was no significant difference in 

susceptibility to etoposide in control SUDHL-8 cells vs. SUDHL-8 cells treated with exogenous 

gal-3. Values are mean ± SD of triplicates from 1 representative of 3 independent replicate 

experiments. 
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Figure 3-16. Expression of gal-3 and CD45 in primary DLBCL.  

Frozen biopsy tissue from patients with DLBCL was homogenized in 5 mL modified RIPA lysis 

buffer (50 mM Tris pH 7.4, 1% NP-40, 0.25% sodium deoxycolate, 1 mM EDTA, 0.15 M NaCl, 

and protease inhibitors) with a mortar and pestle. Tissue homogenate was incubated for 60 

minutes at 4 oC, then cleared by centrifugation. CD45 and gal-3 expression were examined from 

1 µg of tissue lysate per sample resolved on a 3-8% Tris-Acetate gel. Whole cell lysates from 

SUDHL-6 (S-6) and SUDHL-9 (S-9) cells are shown for comparison.  
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ABSTRACT 

 Diffuse large B cell lymphoma (DLBCL) is an aggressive and heterogeneous cancer 

derived from germinal center and activated B cells. Previous studies have suggested that primary 

DLBCL upregulate the anti-apoptotic protein galectin-3 (gal-3). However, these preliminary 

studies were small (n = 10-39) and warrant confirmation with a larger sample size. In the current 

study, we evaluated a tissue array of tumor samples from 259 patients with DLBCL for gal-3 

protein expression by immunohistochemistry, and correlated the results to overall and 

progression free survival of the patients. We found that the majority (67%) of DLBCL expressed 

gal-3 at the protein level. Surprisingly, when we correlated gal-3 expression and clinical survival 

data, we found that patients with gal-3+ DLBCL had better overall and progression free survival 

than those with gal-3- DLBCL. Importantly, we found that gal-3 expression did not delineate 

between germinal center- and activated-DLBCL, the two major subtypes of DLBCL. The results 

from this study implicate gal-3 as a novel positive prognostic biomarker for DLBCL. 
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INTRODUCTION  

Diffuse large B cell lymphoma (DLBCL) is a clinically heterogeneous and aggressive 

cancer. Despite advances in treatment, including the monoclonal antibody rituximab, patients 

with DLBCL have a ~60% 5-year survival rate.1,2 Currently, DLBCL are evaluated based on 

morphology and other clinical features in order to estimate prognosis for any given patient with a 

DLBCL diagnosis. Gene expression profiling has identified two major subtypes of DLBCL, 

germinal center B cell-like (GCB)-DLBCL and activated B cell-like (ABC)-DLBCL, that differ 

in genetic alterations and overall survival;3 the GCB-DLBCL subtype, which has a better 

prognosis than ABC-DLBCL, typically expresses Bcl-2,4,5 while the ABC-DLBCL subtype has 

worse prognosis and typically has mutations in the NF-κB pathway.6,7 While gene expression 

profiling of tumors is not a widely available diagnostic tool, profiling expression of specific 

proteins in tumor samples by immunohistochemistry is feasible and routine. Thus, identification 

of novel proteins that can be used as biomarkers in DLBCL will be important to determine 

prognosis and to potentially guide individualized treatment strategies.   

Galectin-3 (gal-3) is a member of the β-galactoside-binding family of lectins that has 

anti-apoptotic function. Gal-3 is upregulated numerous cancers,8-10 and is thought to contribute to 

apoptosis resistance. Previous studies have found that gal-3 is upregulated in primary DLBCL 

(Table 4-1).1,11-13 Shipp et al first found that gal-3 mRNA expression could distinguish DLBCL 

from follicular lymphoma, another germinal center B cell-derived lymphoma, and determined 

that gal-3 mRNA was upregulated in approximately half of the 58 cases of DLBCL analyzed.1 

Subsequent studies evaluated gal-3 protein expression by immunohistochemistry in primary 

DLBCL, and similarly found increased gal-3 expression in 30-66% of cases 11-15; however, the 
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sample sizes of these studies were small (n = 10-39), and there have been no reports of a large 

DLBCL cohort (n > 39) evaluated for gal-3 protein expression. 

Expression of gal-3 has been evaluated as a prognostic factor for several cancers.9,10,16-19 

Surprisingly, gal-3 has been identified as both a positive and a negative prognostic factor for 

different malignancies,9,10,17-19 highlighting the importance of independently evaluating gal-3 

expression as a prognostic indicator in specific types of cancer. Although our laboratory recently 

found that gal-3 expression conferred an anti-apoptotic phenotype to cell lines derived from 

DLBCL patients (see Chapter 3), it is not known whether gal-3 expression has prognostic 

significance for patients with DLBCL. 

 Using a large tissue microarray, we evaluated 259 cases of DLBCL with linked clinical 

data for gal-3 protein expression by immunohistochemistry. Like previous small studies that 

assessed 10-39 patient samples of DLBCL for gal-3 protein expression, we found that the 

majority (67%) of cases in our large cohort expressed gal-3. Using the survival data linked to the 

tissue microarray, we assessed whether gal-3 expression affected overall survival and 

progression free survival of DLBCL patients. Surprisingly, we found that patients with gal-3+ 

DLBCL had better overall and progression free survival compared to patients with gal-3- 

DLBCL. Moreover, reanalysis of microarray data from a prior study1 revealed that transcript 

levels of gal-3 were elevated in cured vs. refractory DLBCL, consistent with our new findings 

that gal-3 expression correlated with better outcome. Furthermore, we determined that gal-3 

expression did not distinguish GCB- vs. ABC-DLBCL, suggesting that gal-3 is an independent 

prognostic factor. The data reported here indicates that gal-3 is a novel positive prognostic 

biomarker in DLBCL.   
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MATERIALS AND METHODS 

Patients 

 Two-hundred and fifty-nine cases of de novo DLBCL treated with rituximab and 

cyclophosphamide, hydroxydaunorubicin, oncovin, and prednisone (R-CHOP) or CHOP-like 

therapies were obtained as described previously.20,21 This study protocol for use of human tissue 

was approved by the University of California at Los Angeles Institutional Review Board. 

 

Immunohistochemistry  

 Slides with DLBCL tissue were evaluated for gal-3 expression as reported 

previously.13,22,23 Briefly, slides were deparaffinized in xylene and ethanol. Peroxidase activity 

was blocked in 3% hydrogen peroxide for 5 minutes at room temperature. Slides were incubated 

in 1% BSA/PBS for 20 minutes at room temperature to block non-specific binding. Gal-3 

expression was detected with anti-rat gal-3 monoclonal antibody (clone M3/38, BioLegend) 

diluted 1:100 in 20% rat serum, 1% BSA/PBS overnight at 4 °C. Slides were washed and bound 

primary antibody was detected with goat anti-rat horse radish peroxidase (HRP) diluted 1:1000 

in PBS for 2 hours at room temperature. Slides were developed with 3-amino-9-ethylcarbazole 

(AEC, Vector Labs) for 10 minutes. Slides were counterstained with hematoxylin for 2 minutes, 

washed in PBS, and mounted with aqueous mounting medium (DAKO).  

 

Evaluation of gal-3 expression 

Cases were scored for gal-3 expression by two independent pathologists, who reached 

>98% consensus. Specifically, cases were scored on a scale of 0-4 based on intensity and 

staining distribution; only those tissues that showed cytoplasmic staining in the tumor cells were 
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counted as positive. For analysis, cases were dichotomized into gal-3- (score of 0) or gal-3+ 

(score of 1-4).   

 

Statistical Analysis 

 Overall survival was determined from the date of diagnosis to the date of death of any 

cause and progression free survival was determined from the date of diagnosis to the date of 

relapse or death of any cause. Overall and progression free survival were calculated using the 

Kaplan-Meier method and the log rank test was used to compare gal-3+ versus gal-3- survival 

curves, as described previously.5 
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RESULTS AND DISCUSSION 

The majority of primary DLBCL express gal-3 

 Previous studies have shown that gal-3 is expressed at low levels during normal B cell 

differentiation in germinal centers, and is highly expressed in the memory B cell lineage but is 

not expressed by the plasma cell lineage (Figure 4-1A).13,24-26 As shown in Figure 4-1B, in a 

normal germinal center, gal-3 is primarily expressed by follicular dendritic cells and 

macrophages, and not by germinal center B cells, as detected by immunohistochemistry. DLBCL 

is derived from germinal center and post-germinal center (activated) B cells and, thus, expression 

of gal-3 by transformed cells is anomalous compared to normal counterparts.  

Previous studies using small cohorts (n = 10-30) have suggested that gal-3 is aberrantly 

expressed by the majority of primary DLBCL at both the mRNA transcript and protein levels 

(Table 4-1). In the current study, we examined a large cohort of 259 primary DLBCL for gal-3 

protein expression. A large tissue microarray was stained with an anti-gal-3 antibody, and bound 

antibody was detected with HRP. A low power magnification of a portion of the tissue array is 

shown in Figure 4-2A. Tumors were scored for gal-3 protein expression on a scale of 0-4 based 

on staining intensity and distribution, as described in the Materials and Methods. A sample was 

scored as negative (0) if the gal-3 reactivity was limited to stromal or infiltrating non-neoplastic 

cells and the tumor cells did not show any anti-gal-3 reactivity. A sample was scored as positive 

(1-4), based on the intensity of tumor cell cytoplasmic staining. Representatives of a gal-3- 

DLBCL and a gal-3+ DLBCL are shown in Figure 4-2B and 4-2C, respectively.  

We found that 173/259 (67%) of the DLBCL samples were positive for gal-3 (Table 4-2). 

This was in accord with our previous small study demonstrating that 21/32 (66%) of DLBCL 
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cases express gal-3 protein,13 and in overall agreement with other studies that showed a range of 

30-56% of DLBCL express gal-3 (Table 4-1).   

 

Gal-3 expression correlates with better patient survival 

  Although several studies have reported gal-3 expression in DLBCL (Table 4-1), few 

have examined the relationship between gal-3 expression and patient outcome, and those that did 

had small sample sizes and ambiguous results.1,11,27 In the current study, we assessed the effect 

of gal-3 expression on the overall survival and progression free survival for 259 DLBCL 

patients. For all evaluations, we used the X-Tile program (http://tissuearray.org) to generate a 

Kaplan-Meier survival curve based on gal-3 expression (Figure 4-3). As we had previously 

determined that gal-3 expression by DLBCL cell lines conferred an anti-apoptotic phenotype (as 

shown in Chapter 3), one possibility was that patients with gal-3+ DLBCL would have an 

unfavorable survival outcome compared to those with gal-3- DLBCL. Surprisingly, analysis of 

the entire cohort revealed that patients with gal-3+ DLBCL had statistically significant better 

overall survival (Figure 4-3A, p = 0.0016) and progression-free survival (Figure 4-3B, p = 

0.0005) than those with gal-3- DLBCL.  

 The current standard chemotherapy regimen for DLBCL is a combination of the 

monoclonal antibody rituximab with cyclophosphamide, hydroxydaunorubicin, oncovin, and 

prednisone (R-CHOP). In the cohort analyzed in this study, 185 patients were treated with R-

CHOP, and of those 130 (70%) were gal-3+ (Table 4-2). As we observed that gal-3+ DLBCL 

correlated with a more favorable outcome for the entire cohort regardless of treatment (Figure 4-

3A, B), we next asked if gal-3 expression affected survival outcome specifically in the cohort 

treated with R-CHOP. In agreement with what we observed for the entire cohort, patients with 
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gal-3+ DLBCL in the R-CHOP-treated cohort had better overall (Figure 4-4A) and progression 

free survival (Figure 4-4B) during the first 6 years of the study. Past year 6 of the study, gal-3+ 

and gal-3- DLBCL did not have significantly different overall survival (p = 0.1003) or 

progression free survival (p = 0.087) in the cohort treated with R-CHOP. This suggests that gal-3 

expression may have prognostic significance early in disease progression, while gal-3 expression 

may not predict survival in advanced cases of DLBCL when rituximab is used in the treatment 

regimen.  

 

Analysis of gal-3 expression and survival from a previous study1 

 Gal-3 was originally determined to be upregulated at the transcript level in DLBCL by 

Shipp et al (Table 4-1).1 In addition to reporting transcripts upregulated in DLBCL, the authors 

also stratified their DLBCL cohort into cured (n = 32) vs. refractory (n = 26) DLBCL and 

identified transcripts that were differentially expressed by the two cohorts. Although gal-3 was 

not reported to delineate either cohort, the authors of the original study limited their report to the 

most abundant 50 transcripts, indicating that there may be additional informative transcripts not 

reported in the original study. Thus, we asked whether gal-3 expression correlated with either the 

cured or refractory DLBCL in the cohort described in Shipp et al.1 To determine whether gal-3 

was overexpressed specifically by cured or refractory DLBCL, we analyzed the publically 

available data from Shipp et al (www.genome.wi.mit.edu/MPR/lymphoma). In accordance with 

the data reported in the current study, we determined that gal-3 was significantly overexpressed 

in the cured cohort (p = 0.049) (Figure 4-5). Thus, expression of gal-3 mRNA, as well as protein, 

is a novel positive prognostic biomarker in primary DLBCL. 
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Gal-3 expression does not distinguish between the major subtypes of DLBCL  

There are at least two major subtypes of DLBCL as determined by gene expression 

profiling: germinal center B cell (GCB)-DLBCL and activated B cell (ABC)-DLBCL. Clinically, 

ABC-DLBCL are more aggressive than GCB-DLBCL and patients with ABC-DLBCL have a 

worse prognosis. Although not determined for the entire cohort of 259 patients represented in the 

tissue microarray, subtype information was available for 142 of the samples in the cohort used in 

this study (n = 73 for GCB-DLBCL and n = 69 for ABC-DLBCL). When we compared GCB-

DLBCL vs. ABC-DLBCL, we found that gal-3 expression did not correlate with either DLBCL 

subtype (p = 0.083). Thus, although gal-3 is upregulated by the majority of DLBCL, gal-3 

expression does not delineate GCB- vs. ABC-DLBCL.  

 

Gal-3 from non-neoplastic cells likely does not affect gal-3- DLBCL 

Gal-3 was detected by immunohistochemistry in 100% of the tissue samples evaluated, 

however, in 33% of the cases gal-3 staining was limited to non-neoplastic stromal cells or other 

infiltrating non-neoplastic cells (Figure 4-2C). It has been shown that gal-3 secreted from tumor 

cells may have effects on tumor infiltrating T lymphocytes, such as inducing T cell anergy and 

apoptosis.28-30 Thus, it is possible that the converse may happen, i.e. gal-3 may be secreted by 

gal-3+ non-neoplastic cells and bind to gal-3- DLBCL tumor cells to affect tumor cell survival. 

In order for exogenous gal-3 secreted from non-neoplastic cells to have an effect on gal-3- 

DLBCL tumor cells, there would need to be a sufficient quantity of secreted gal-3 that would 

bind to appropriate glycoprotein receptors on the tumor cells. We have previously shown that 

gal-3 binds to a specific glycoform of CD45 on DLBCL cell lines to exert its anti-apoptotic 

function (as described below; see Chapter 3). Thus, in order to have an anti-apoptotic effect on 
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gal-3- DLBCL cells, it is likely that, in vivo, exogenous gal-3 secreted from non-neoplastic cells 

would have to bind to a specific CD45 glycoform, decorated with permissive glycans, which 

may or may not be expressed by gal-3- DLBCL cells.  Future experiments will characterize 

CD45 glycoforms expressed by gal-3+ and gal-3- DLBCL cells; however, our finding that 

patients with gal-3- tumors had a worse prognosis compared to patients with gal-3+ tumors 

suggests that gal-3 derived from non-neoplastic cells in the tumor microenvironment is not 

sufficient to provide the survival advantage seen when gal-3 is expressed by the tumor cells.  

 

Gal-3+ DLBCL may be “targetable” 

How does expression of an anti-apoptotic protein that has been previously shown to 

confer apoptosis resistance to DLBCL cells result in better patient survival? One explanation is 

that DLBCL cells that express gal-3 are “targetable,” while DLBCL cells that do not express gal-

3 are not. In previous work, we found that removal of cell surface gal-3 from gal-3+ DLBCL 

cells was sufficient to render gal-3+ DLBCL cells susceptible to apoptosis induced by a variety 

of chemotherapeutic agents (see Chapter 3), implying that gal-3 acted as an upstream, reversible 

“apoptotic block.” It is possible that, in some cases treated with current standard chemotherapy, 

the reversible, upstream gal-3 “apoptotic block” can be overcome, so that the therapy is able to 

kill tumor cells. In this scenario, gal-3- DLBCL would have a gal-3-independent mechanism of 

apoptosis resistance that potentially would not be reversible, and thus the tumors cells would not 

be susceptible to current standard chemotherapy.  

In previous work (see Chapter 3), we found that cell surface gal-3 interacted with a 

specific glycoform of CD45 to promote DLBCL apoptosis resistance, and that gal-3 expression 

correlated with CD45 glycoform expression; while gal-3+ DLBCL cells expressed a CD45 
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glycoform that permitted gal-3 binding, gal-3- DLBCL cells did not express a CD45 glycoform 

that permitted gal-3 binding. Additionally, removal of gal-3 from CD45 on gal-3+ DLBCL cells 

with the gal-3 inhibitor GCS-100 increased CD45 phosphatase activity, which was necessary to 

sensitize gal-3+ DLBCL cells to apoptosis. Thus, on gal-3+ DLBCL cells, we proposed that gal-

3 binds to CD45, maintaining the CD45 phosphatase in an inactive state, and CD45 phosphatase 

can be activated by the removal of gal-3. In contrast, CD45 from gal-3- DLBCL cells had 

inherently low phosphatase activity in the absence of gal-3, and the low level of phosphatase 

activity was predictably not affected by GCS-100. Thus, one hypothesis for the better survival of 

patients with gal-3+ DLBCL compared to gal-3- DLBCL is that the CD45 phosphatase 

expressed by gal-3+ DLBCL can be activated and promote apoptotic signaling and DLBCL cell 

death, while CD45 phosphatase expressed by gal-3- DLBCL is irreversibly inhibited. 

 We and others have determined that gal-3 is expressed by the majority of primary 

DLBCL. Our previous work indicated that the population of gal-3 at the cell surface exerts an 

anti-apoptotic function in DLBCL cells (see Chapter 3). In this study, we analyzed a large tissue 

array for gal-3 expression by immunohistochemistry and correlated the results to overall and 

progression free survival. We found that patients with gal-3+ DLBCL had significantly better 

overall and progression free survival, independent of GC vs. ABC subtype. Overall, these results 

indicate that gal-3 is a novel positive prognostic biomarker in DLBCL. 
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Table 4-1. Summary of studies examining gal-3 expression in DLBCL 

Year Sample 
size Gal-3+ Gal-3- % gal-3+ Type of 

Detection 
Survival 

data  
Reference 

2011 10 3 7 30% protein no 15 

2009 10 4 6 40% protein no 14 

2008 39 14 25 36% protein yes 27 

2008 32 18 14 56% mRNA; 
protein 

yes 11 

2005 16 8 8 50% mRNA no 12 

2004 32 21 11 66% protein no 13 

2002 58 29 29 50% mRNA yes 1 
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Figure 4-1: Gal-3 expression in a normal germinal center. 

(A) Expression of gal-3 throughout the lifetime of a normal B cell. Naïve B cells express gal-3 

prior to entry into the germinal center. Gal-3 is subsequently downregulated in germinal center B 

cells. Follicular dendritic cells (fDCs), which are resident in secondary immune organs like 

lymph nodes and facilitate B cell activation, express gal-3. Gal-3 secreted by fDCs may affect 

adjacent cells, such as germinal center B cells and T cells. Gal-3 expression increases in the 

memory B cell lineage, but gal-3 is not expressed in the plasma cell lineage. (B) A normal lymph 

node was analyzed for gal-3 expression by immunohistochemistry. Gal-3 protein (brown) is not 

expressed by the germinal center B cells, and is limited to fDCs. 
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Figure 4-2: Gal-3 is expressed by the majority of primary DLBCL  

(A) A low power magnification of a portion of the tissue array stained for gal-3 is shown. (B) 

and (C) DLBCL tissue samples were assessed for gal-3 protein expression based on staining 

intensity and distribution. Samples in which stromal cells expressed gal-3 but no gal-3 

expression was detected in tumor cells were scored as gal-3-. A representative gal-3- DLBCL is 

shown in (B). DLBCL tissue samples that showed cytoplasmic staining of the tumor cells were 

scored on a scale of 1-4 based on staining intensity. Samples scored 1-4 were grouped in the gal-

3+. A representative gal-3+ DLBCL is shown in (C).
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Table 4-2. Relation of gal-3 expression to DLBCL and therapy 

 Gal-3- Gal-3+ 

Total 86/259 173/259 

R-CHOP 55/185 130/185 
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Figure 4-3: Patients with gal-3+ DLBCL have better overall and progression free survival  

(A) Overall survival and (B) progression free survival of 259 DLBCL patients dichotomized by 

expression of gal-3 protein. Patients with gal-3+ tumors showed statistically significant better 

overall survival (p = 0.0016) and progression free survival (p = 0.0005). 



 134 

 

0 2 4 6 8 10 
Time (years) 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

P
ro

po
rti

on
 S

ur
vi

vi
ng

 

gal-3+ 

gal-3- 

A 

0 2 4 6 8 10 
Time (years) 

0 

0.2 

0.4 

0.6 

0.8 

1.0 

P
ro

po
rti

on
 S

ur
vi

vi
ng

 

gal-3+ 

gal-3- 

B 



 135 

Figure 4-4: Patients with gal-3+ DLBCL treated with R-CHOP have better short term overall and 

progression free survival  

(A) Overall and (B) progression free survival of 185 DLBCL patients treated with R-CHOP 

dichotomized by expression of gal-3 protein. Patients with gal-3+ DLBCL showed better overall 

and progression free survival for the first six years of the study. Long term (>6 years) survival 

data does not show statistical significance for overall survival (p = 0.1003) or progression free 

survival (p = 0.087) for gal-3+ vs. gal-3- DLBCL, indicating that the prognostic significance of 

gal-3 protein expression is limited to early disease progression.
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Figure 4-5: Expression of gal-3 mRNA transcripts correlates with better survival  

The amount of gal-3 mRNA is differentially regulated in cured vs. refractory DLBCL in an 

independent DLBCL cohort (n = 56). Microarray data from Shipp et al1 was evaluated and gal-3 

mRNA transcript levels from cured vs. refractory DLBCL were compared. Gal-3 mRNA 

transcript levels were elevated in the cured DLBCL cohort, whereas the refractory cohort had 

lower levels of gal-3 mRNA (p = 0.049).
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 The goal of this work has been to determine whether galectin-3 (gal-3) confers apoptosis 

resistance to DLBCL cells, and if so, the mechanism by which gal-3 acts to exert an anti-

apoptotic function in DLBCL cells. Although prior work had suggested that gal-3 expression by 

DLBCL cell lines correlated with resistance to apoptosis induced by anti-Fas,1 the role of gal-3 

in apoptosis resistance had not been directly examined. In examining the role of gal-3 in DLBCL 

cell survival, I determined that the removal of cell surface gal-3 with the gal-3 inhibitor GCS-100 

(Figure 3-2) was sufficient to render gal-3+ DLBCL cells susceptible to apoptosis induced by a 

variety of chemotherapeutic agents (Figure 3-4). Thus, I have corroborated that gal-3 opposes 

apoptosis in DLBCL cells.  

Importantly, this data implicates the specific population of gal-3 at the cell surface of 

DLBCL cells in exerting the anti-apoptotic function of gal-3 in DLBCL cells. Previous work 

examining gal-3 in preventing cancer apoptosis has largely ignored the potential role of cell 

surface gal-3 in blocking apoptosis, generalizing instead that extracellular gal-3 promotes 

apoptosis, whereas intracellular gal-3 alone inhibits apoptosis.2-7 While it has been shown that 

extracellular gal-3 promotes apoptosis of T cells,8 it has not been conclusively shown that 

extracellular gal-3 cannot or does not inhibit apoptosis in other cell types.  As discussed in 

Chapter 2, glycosylation of cell surface glycoproteins is a dynamic process that is specific to cell 

type and that changes throughout differentiation and activation of a cell. Therefore, glycoprotein 

counterreceptors decorated with glycans that permit gal-3 binding vary from cell type to cell 

type, such that extracellular gal-3 can bind to different glycoproteins to exert different functions 

in different cell types. Thus, as I have shown, extracellular gal-3 binds to CD45 decorated with 

core 2 O-glycans to oppose apoptosis of DLBCL cells. 
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 In examining the mechanism by which gal-3 promotes apoptosis resistance in DLBCL 

cells, I determined that gal-3 binds to CD45 on the surfaces of DLBCL cells to regulate CD45 

phosphatase activity (Figure 3-10). Moreover, I established that disrupting the gal-3-CD45 

interaction sensitized DLBCL cells to multiple chemotherapeutic drugs that act by different 

mechanisms. On the whole, I found that gal-3+ DLBCL cells had a diminished capacity to signal 

through CD45 and that removal of cell surface gal-3 with GCS-100 increased signaling capacity, 

as exemplified by both Lyn and Erk activation (Figure 3-12). Together, this suggests that the gal-

3-CD45 interaction is an upstream “apoptotic block” in DLBCL cells that can be reversed by the 

disruption of this interaction. Interestingly, I found that GCS-100 in combination with either dex 

or rituximab resulted in activated caspase-8 apoptotic signaling (Figure 3-4). Previous work on 

GCS-100 in myeloma cells also showed that caspase-8 was activated following GCS-100 

treatment.9 Together, these data suggest that caspase-8 may be an apoptotic signaling 

intermediary common to the death pathways triggered by these chemotherapeutic drugs in 

DLBCL cells. While caspase-8 is typically associated with extrinsic apoptotic signaling,10 and 

therefore not typically thought to be involved in apoptosis induced by dex or etoposide, there are 

examples in the literature that show caspase-8 involvement in the dex-,11 etoposide-,12 and 

rituximab-induced13 apoptotic cascades.   

 As mentioned above, I found that signaling from CD45 modulated DLBCL survival, and 

that increased CD45 phosphatase activity was critical for DLBCL cells to undergo apoptosis 

(Figure 3-12, 5-1). This is the first report of the involvement of CD45 in the survival and death 

of DLBCL cells. Moreover, I found that gal-3 binding to CD45 clustered CD45 molecules on the 

cell surface (Figure 3-12A), resulting in an inactive phosphatase domain that could be activated 

by the removal of cell surface gal-3 (Figure 3-12B). Once phosphatase activity was increased, 
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signals required for the induction of apoptosis by chemotherapeutic agents, such as the activation 

of caspase-8 as described above, were able to occur, and the DLBCL cells underwent apoptosis. 

In contrast, CD45 expressed by gal-3- DLBCL had inherently low phosphatase activity in a gal-

3-independent manner (Figure 3-10, 5-2), and could not be activated by gal-3 inhibition with 

GCS-100 (Figure 3-12B, 5-2). Thus, gal-3+ DLBCL, with “activatable” CD45, are targetable by 

GCS-100, while gal-3- DLBCL, with “non-activatable” CD45, are not targetable.  

Interestingly, I found that gal-3 specifically bound to core 2 O-glycans on CD45 to 

promote apoptosis resistance (Figure 3-7), and expression of gal-3 by DLBCL cells correlated 

with CD45 glycoform expression; while gal-3+ DLBCL cells expressed CD45 decorated by core 

2 O-glycans, gal-3- DLBCL cells did not express the C2GnT-1 enzyme that would add core 2 O-

glycans to CD45. I also observed a correlation between gal-3 expression and high molecular 

weight form of CD45 in primary DLBCL tissue (Figure 3-16), although I could not definitively 

determine whether this was due to core 2 O-glycan modification of CD45. Moreover, although 

exogenous gal-3 was able to bind to the surfaces of gal-3- DLBCL cells (Figure 3-15), it did not 

bind to CD45 on these cells (Figure 3-8), nor did it modulate CD45 phosphatase activity (Figure 

3-10). Taken together, these data suggest that DLBCL cells “decide” whether to coordinate gal-3 

binding to CD45 by expressing permissive core 2 O-glycans. 

In order to determine whether gal-3 expression held prognostic significance, I correlated 

gal-3 protein expression by DLBCL cells to patient survival (Chapter 4). Surprisingly, I found 

that gal-3 expression correlated with better overall and progression free survival (Figure 4-3), 

identifying gal-3 as a novel positive prognostic biomarker for DLBCL. A positive correlation 

with patient survival seemed counterintuitive, as I had previously determined that gal-3 opposed 

apoptosis in DLBCL cells. However, as described above, I could sensitize gal-3+ DLBCL cells 
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to apoptosis in vitro by removing gal-3 from CD45 with GCS-100, whereas I could not sensitize 

gal-3- DLBCL cells to apoptosis with GCS-100. If the CD45 phosphatase must be active in order 

for a DLBCL cell to undergo apoptosis, as I observed in vitro, then a gal-3+ DLBCL cell has a 

molecular target (i.e. cell surface gal-3) that, once inhibited, allows CD45 phosphatase activity to 

increase and thus promotes apoptosis in response to chemotherapeutic agents. In contrast, CD45 

phosphatase in gal-3- DLBCL is unaffected by GCS-100, and thus these cells do not undergo 

apoptosis in response to chemotherapeutic agents in the presence of GCS-100. Taken together, 

this model provides a reasonable hypothesis for the positive correlation of gal-3 expression by 

DLBCL cells with overall and progression free patient survival. 

In addition to the work presented in this dissertation demonstrating that GCS-100 

sensitizes gal-3+ DLBCL cells to apoptosis, previous studies have demonstrated that GCS-100 

promotes apoptosis in multiple myeloma as a single agent or in combination with other 

chemotherapeutic drugs.9,14 GCS-100 treatment has also been shown to activate tumor 

infiltrating lymphocytes and promote tumor rejection in a mastocytoma mouse model.15 In 

previous clinical trials for other malignancies, GCS-100 demonstrated an acceptable human 

safety profile and promising therapeutic potential.9,16,17 Although clinical trials involving GCS-

100 were suspended in 2008 due to lack of funding, the recent acquisition of GCS-100 by a new 

pharmaceutical company18 may mean the revival of the clinical evaluation of GCS-100 and a 

promising future for patients with gal-3+ DLBCL. 
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FUTURE DIRECTIONS 

 The majority of the studies presented in this dissertation were conducted in cell lines 

derived from patients with DLBCL. Although in vitro studies are necessary and useful in teasing 

apart specific molecular mechanisms, as exemplified in Chapter 3, there are obvious limitations 

to the questions that can be answered by in vitro studies alone. Thus, in order to understand 

whether the in vitro data is physiologically relevant, it will be important to conduct in vivo 

experiments. As mentioned above, in a prior study, GCS-100 promoted tumor rejection in a 

mastocytoma mouse model.15 However, the authors of this study were interested in how GCS-

100 affected the immune system response to cancer, and not how GCS-100 could potentially 

alleviate a block in cancer cell apoptosis. In fact, GCS-100 has never been used in a mouse 

model to determine its efficacy in vivo at sensitizing gal-3+ cancer cells to apoptosis. Thus, in 

order to determine if GCS-100 has an in vivo effect on sensitizing gal-3+ DLBCL cells to 

apoptosis, as I observed in vitro, it will be useful to conduct mouse models of gal-3+ DLBCL.  

 Although the data presented in Chapter 3 identify a novel role for cell surface gal-3 in 

DLBCL cell survival, there may be an additional role for intracellular gal-3 in DLBCL survival. 

As shown in Figure 3-14, DLBCL cells that have had total cellular gal-3 reduced by siRNA are 

less viable even in the absence of chemotherapeutic agents, and the repopulation of the cell 

surface with exogenous recombinant gal-3 is not sufficient to restore cell viability. This implies 

that cytoplasmic gal-3 plays an additional role in maintaining DLBCL cell viability. Although 

cell surface gal-3 is a more attractive therapeutic target, especially given our finding that the gal-

3 inhibitor GCS-100 specifically targets the population of gal-3 at the cell surface (Figure 3-2), a 

mechanistic understanding of how cytoplasmic gal-3 affects DLBCL cell survival is warranted. 



 148 

 The interaction of gal-3 with core 2 O-glycans on CD45 controlled DLBCL cell survival. 

Interestingly, gal-3 expression by DLBCL cells correlated with core 2 O-glycan decoration of 

CD45 on DLBCL cells. Additionally, exogenous gal-3 did not interact with CD45 on gal-3- 

DLBCL cells, implying that if gal-3- DLBCL cells were exposed to gal-3 produced by non-

neoplastic cell types in the tumor milieu such as dendritic cells or macrophages, gal-3 would not 

interact with CD45 on gal-3- DLBCL cells in a trans manner. These data suggest that DLBCL 

cells coordinate gal-3 expression with core 2 O-glycan modification of CD45. In light of recent 

studies that provide surprising evidence that expression or loss of a single lectin results in 

changes in glycosylation and vice versa,19-21 it would be interesting to explore whether this 

phenomenon occurs in DLBCL cells with respect to expression of gal-3 and addition of core 2 

O-glycans on CD45. Additionally, it would be intriguing to determine which came first: the 

modification of CD45 with core 2 O-glycans or the expression of gal-3. 

 Patients with gal-3+ DLBCL had superior overall and progression free survival compared 

to those with gal-3- DLBCL (Chapter 4). We reasoned that, as we saw with GCS-100 treatment 

in vitro, gal-3+ DLBCL were inherently “targetable”, i.e. CD45 phosphatase activity could be 

increased to increase susceptibility to chemotherapeutic agents; conversely, gal-3- DLBCL lack 

the ability to be sensitized to death by GCS-100 treatment (Chapter 3). Mechanistically, we 

determined that, in vitro, the key to overcoming the block in apoptosis in DLBCL cells was to 

increase activity of the CD45 phosphatase, which allowed signaling required for apoptosis to 

occur (Figure 5-1). In gal-3+ DLBCL cells, we were able to achieve this by removing cell 

surface gal-3, whereas we did not have a method to achieve an increase in phosphatase activity 

in gal-3- DLBCL cells (Figure 5-2). Thus, identifying the mechanism by which CD45 
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phosphatase on gal-3- DLBCL cells is inactivated will be necessary to develop alternative 

therapies to treat gal-3- DLBCL.  

 DLBCL is the most commonly diagnosed non-Hodgkin’s lymphoma. Current treatments 

for DLBCL include a combination of cytotoxic drugs, which are insufficient because these drugs 

do not target all of the molecular mechanism(s) contributing to DLBCL cell survival. In fact, 

despite advances in treatment with the advent of the monoclonal antibody rituximab, the 5-year 

survival rate of patients with DLBCL remains ~60%. The identification of novel therapeutic 

targets, such as gal-3 expression and CD45 phosphatase activity, and the subsequent 

development of novel targeted therapies, such as GCS-100, will lead to improved individualized 

treatment regimes and hopefully improved survival of patients with DLBCL.  
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Figure 5-1. Gal-3 acts as an upstream, reversible block in apoptotic signaling 

(A) Gal-3 pentamerizes to cluster CD45 on the cell surface of DLBCL cells. When clustered, 

activity of the intracellular phosphatase domains of CD45 is inhibited. When exposed to 

chemotherapeutic drugs, gal-3+ DLBCL cells are unable to signal through CD45 and thus 

survive. (B) When gal-3 is removed from CD45 by GCS-100, CD45 molecules are no longer 

clustered on the cell surface. This results in an increase in phosphatase activity. When exposed to 

chemotherapeutic drugs, gal-3+ DLBCL cells treated with GCS-100 are able to signal through 

CD45 and thus undergo apoptosis. 
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Figure 5-2. Gal-3- DLBCL cells have a block in apoptotic signaling independent of gal-3 

CD45 from gal-3- DLBCL cells had inherently low phosphatase activity independent of gal-3. 

Unlike gal-3+ DLBCL cells, in which the phosphatase activity could be increased by the removal 

of gal-3 from CD45 with GCS-100, the phosphatase activity of gal-3- DLBCL cells could not be 

activated by GCS-100 treatment. Thus, when treated with chemotherapeutic drugs, gal-3- 

DLBCL cells cannot signal through CD45 and thus survive. 
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