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ABSTRACT 
   

Glycans are complex biological sugar polymers that are commonly found covalently 

attached to proteins, lipids, and lipoproteins. About 50% of all mammalian proteins are 

glycosylated. Aberrant glycosylation is a hallmark of most types of cancer, and 

glycosylation changes that occur in this disease are known to facilitate tumor 

development. In this dissertation, a bottom-up approach to glycomics, “glycan node 

analysis”, which is a method based on glycan linkage analysis that quantifies unique 

glycan features, such as “core fucosylation”, “α2-6 sialylation”, “β1-6 branching”, and 

“bisecting GlcNAc”, as single analytical signals by gas chromatography-mass 

spectrometry (GC-MS), was applied to cancer cell lines, antibodies, extracellular vesicles, 

and low density lipoproteins to understand the mechanisms leading to aberrant 

glycosylation in cancer, and to understand the role of blood plasma glycan sialylation in 

cancer immunity.  

Specific tumor antigens such as β1-6-branching, β1-4-branching, bisecting 

GlcNAc, antennary fucosylation, and Tn antigen (GalNAc-Ser/Thr), were found to be 

regulated by IL-6 in HepG2 cells; fewer glycan features were regulated by IL-1β. 

Additionally, neuraminidase enzyme treatment of alpha-1 antitrypsin IgG demonstrates 

how glycan node analysis can be used to detect relative changes in “α2-6-sialylation” 

along with corresponding increases in terminal galactose. 

Extracellular vesicles (EVs) derived from metastatic and non-metastatic cancer cell 

lines displayed upregulated or downregulated expression of several specific glycan nodes, 

particularly 3-GlcNAc, which represents hyaluronic acid. EVs displayed several glycan 

features that distinguished them from the whole blood plasma glycome. These results 

were promising for developing new diagnostic strategies in cancer. 
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A “liquid phase permethylation” procedure for glycan node analysis that does not 

require spin columns was applied for the first time to whole biological specimens, and it 

demonstrated potential clinical utility in detecting specific tumor antigens. Significantly 

different glycan node profiles were found among three cancer cell lines and in peripheral 

blood mononuclear cells from healthy donors.  

Changes in glycosylation and mechanisms regulating glycan changes were 

studied extensively in cancer cells. Subsequently, it is reported how glycosylation changes 

can have an impact in cancer immunity. A novel role for oxidized-desialylated low density 

lipoprotein in cancer immunity is reported, and its implications in cancer and 

atherosclerosis are discussed.  
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CHAPTER 1 

INTRODUCTION 

1.1 Glycan Structure and Composition, Types of Glycans, and Glycosyltransferase  

Specificity   

Glycans are complex biological structures of multiple monosaccharides linked through 

glycosidic bonds. There are 8 frequently observed monosaccharides that constitute 

glycans in vertebrates. While there are over 10 major classes of biological 

monosaccharides [1], these 8 common monosaccharides can be divided into hexoses, 

deoxyhexoses, N-acetylhexosamines (HexNAcs), and sialic acids. The hexoses include; 

D-Glucose (Glc), D-Galactose (Gal), and D-Mannose (Man).  The only common 

deoxyhexose is L-Fucose (Fuc). The HexNAcs include; N-acetyl-D-glucosamine 

(GlcNAc), N-Acetyl-D-galactosamine (GalNAc). The sialic acids include N-

Acetylneuraminic acid (Neu5Ac or NeuAc) and, in non-human vertebrates, N-

glycolylneuraminic acid (Neu5Gc). These monosaccharides can link to each other by 

glycosidic bonds and they can often form branches [2]. Glycotransferases are the 

enzymes that catalyze the glycosidic bonds that form glycan structures and/or branches 

by attaching sugars one by one with the help of sugar nucleotide donors in the 

endoplasmic reticulum [2]. Glycans are formed by the formation of glycosidic linkages 

between two or more monosaccharides. A glycosidic linkage is the bond formed between 

the anomeric carbon of one monosaccharide and any hydroxyl group of another 

monosaccharide.  A glycosidic linkage can be formed in two possible stereoisomers (α or 

β) at the anomeric carbon (carbon 1) of a monosaccharide.  A single monosaccharide can 

be involved in more than two glycosidic linkages, each serving as a branch point. For 

instance, a monosaccharide can have up to 5 positions for linkages with other 

monosaccharides (Figure 1.1). Once a glycosidic bond is formed, its configuration is kept 
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indefinitely, and therefore it can exist as α or β linkage. Glycosidic bonds can be 

hydrolyzed to generate its constituent monosaccharide structures [3].  

 

1.1.1 Types of Glycans  

A glycoconjugate is a molecule (e.g., a glycoprotein or a glycolipid) with one or more 

glycan units.  About 50% of all secreted and membrane associated proteins of eukaryotic 

cells are glycosylated [4]. The attachment of many glycans to a polypeptide scaffold 

creates high diversity among glycoproteins. Some glycoproteins can contain from about 

1% to more than 80% glycans by mass [5].  There are three common types of 

glycoconjugates; O-linked glycoproteins, N-linked glycoproteins, and lipid-linked 

glycoconjugates. In O-linked glycoproteins, an N-acetylgalactosamine (GalNAc) is 

attached to the hydroxyl (OH) of serine or threonine by the enzyme polypeptide-N-acetyl-

galactosaminyltransferase (ppGalNAcT) forming an O-glycosidic bond. N-linked 

glycoproteins are initiated by the action of oligosaccharyltransferase, which transfers the 

pre-assembled glycan Man9Glc3GlcNAc2 to the side chain of asparagine residues in the 

sequence Asn-X-Ser/Thr, where X can be any amino acid but proline [6].  Glucose is then 

cleaved away and additional sugar residues are attached to the GalNAc or Man residues 

by other glycotransferases, leading to the formation of complex glycan structures. Also, 

there are other types of glycans, such as proteoglycans, cytoplasmic glycoproteins, and 

GPI-anchored glycoproteins (Figure 1.2) [7]. Proteoglycans are formed with 

glycosaminoglycan groups that are covalently attached to proteins. An example of a 

glycosaminoglycan (GAG) is heparan sulfate. Hyaluronic acid GAGs can be attached to 

proteoglycans in the extracellular matrix, but hyaluronic acid is unique in that it does not 

contain sulfate, and it is not covalently attached to proteins [8]. Cytosolic glycoproteins 

constitute the O-GlcNAc glycoproteins, which have been found to regulate a plethora of 
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cellular processes such as transcription, cell signaling, and epigenetic modifications. O-

GlcNAc modifications occur in cytosolic proteins, and it consists in the attachment of a 

single GlcNAc residue to a serine or threonine residue by an enzyme called O-GlcNAc 

transferase [9].  

 

Another type of glycoconjugate are glycolipids. Glycolipids constitute a major 

portion of glycans in the blood, and in cell membranes [10]. The simplest glycolipid is 

galactosylceramide (GalCer), which is a glycosphingolipid.  GalCer consists of a galactose 

residue attached to the C-1 hydroxyl group of a lipid moiety called ceramide, which is 

composed of a sphingosine and a fatty acid. An example of a complex glycosphingolipid 

is ganglioside, which is sialylated and branched (Figure 1.3). Most animals’ glycolipids 

are glycosphingolipids. Additionally, the common glycan sequence found in several 

glycolipids is glucose attached to a lipid moiety, followed by the sequential addition of 

galactose and GlcNAc residues forming linear structures, such as N-acetyllactosamines 

[11].  

 

Glycoproteins and glycolipids can be found in cell membranes and in circulation in 

blood plasma. Glycoproteins can carry N- and O-linked glycans at the same time. For 

instance, glycophorin A, which is abundant in human red blood cells, contains 1 N-linked 

and 15 O-linked glycans [12].  

 

1.1.2 Glycosyltransferase Specificity  

Glycotransferases assemble monosaccharides into linear and branched glycan chains. 

There are over 200 genes that encode for glycotransferases in eukaryotes. Most 

glycotransferases catalyze a group transfer reaction in which a monosaccharide from a 
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sugar nucleotide donor is transferred to a protein or acceptor substrate. Examples of sugar 

nucleotide donors include UDP-Gal, GDP-Fuc, or CMP-Sia. The acceptor substrates can 

be polypeptides, lipids, monosaccharides, oligosaccharides, and small organic molecules, 

and even DNA. Glycotransferases act sequentially, such that the product of one enzyme 

yields a preferred acceptor substrate for the subsequent action of another. The result is a 

linear or branched glycan composed of monosaccharides linked to one another. 

Glycotransferases display high specificity for their nucleotide sugars, their acceptor 

substrates, and the linkages they direct (α or β).  An example of glycotransferase 

specificity is the human B blood group α1-3 galactosyltransferase. This enzyme adds a 

galactose residue in an α1-3 linkage only to the galactose containing fucose in α1-2 

linkage. If prior modifications are made, such as adding a sialic acid instead of a fucose, 

no reaction occurs. Similarly, if the galactose residue acceptor does not contain fucose, 

no reaction occurs by the enzyme [13].  

 

In addition to glycotransferases that elongate glycan chains, there are 

glycotransferases that are involved in the initiation of the synthesis of glycoproteins and 

glycolipids. Such glycotransferases attach pre-formed glycans to either a polypeptide or a 

sphingolipid base, and these glycotransferases also display strict donor and acceptor 

specificity (As discussed below).  

 

1.2 Glycan Biosynthesis 

1.2.1 N-Glycan Biosynthesis  

The glycosylation machinery is not template driven as with the synthesis of DNA and 

proteins. Glycan biosynthesis is the result of a complex network of factors such as; sugar 

nucleotide donors, glycosyltransferases, glycosidases, extracellular factors (such as 
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growth factors and cytokines), pH of the ER and Golgi, competition reaction between 

glycotransferases, and localization of glycotransferases in Golgi and ER [6]. N-

glycosylation starts in the ER membrane with the synthesis of the oligosaccharide. N-

glycosylation occurs co-translationally, which means that it occurs while the protein is 

being synthesized. Building of the N-glycan is initiated by the transfer of GlcNAc-P from 

the sugar nucleotide donor UDP-GlcNAc to dolichol pyrophosphate (Dol-P), a lipid like 

molecule. The transfer is catalyzed by the enzyme DPAGT1, yielding Dol-PP-GlcNAc [14]. 

The action of glycosyltransferases ALG13, ALG14, ALG1, ALG2, and ALG11 elongate the 

glycan by adding one more GlcNAc and five mannose residues generating Dol-PP-

GlcNAc2Man5. ALG glycotransferases were discovered using Yeast as a genetic model, 

in which Asparagine-Linked Glycosylation (ALG) mutants in yeast helped to identify the 

glycotransferase genes responsible for N-glycan elongation in the ER. Hence, for this 

reason, such glycotransferases are abbreviated ALG. The RFT1 protein translocates the 

Dol-PP-GlcNAc2Man5 to the ER lumen. Then in the ER lumen, the subsequent action of 

other ALG glycotransferases make the lipid linked oligosaccharide Dol-PP-

GlcNAc2Man9Glc3 [6, 15].  

 

The entire glycan structure of 14 sugars containing 9 mannose residues, 3 glucose 

residues, and 2 GlcNAc residues (Man9Glc3GlcNAc2) is transferred from the Dol-P lipid 

molecule to the Asn residue of a protein by the oligosaccharyltransferase (OST) complex 

on the luminal side of the ER membrane. OST complex recognizes an asparagine (Asn) 

residue in the context of the sequence Asn-X-Ser/Thr, where X can be any amino acid but 

proline. Even though Asn is similar in structure to glutamine, the extra carbon on the 

glutamine chain is not tolerated by the OST complex, and hence it is not recognized by 

the OST complex (glycosyltransferase specificity). Also, although OST transfers the 
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oligosaccharide to the Asn-X-Ser/Thr sequon, transfer to this sequence does not always 

occur due to conformational or other constrains during glycoprotein folding. Additionally, 

because the OST complex is specific to the Asn-X-Ser/Thr sequence, proteins with such 

amino acid sequence are said to have potential N-glycosylation sites [16]. After the 

oligosaccharide is transferred to Asn residues on glycoproteins, ER membrane anchored 

glucosidase I (MOGS) cleaves the terminal α1-2Glc residue. During glycoprotein folding, 

soluble glucosidase II (PRKCSH) enzyme sequentially removes the second and third α1-

3Glc residues from the oligosaccharide, yielding Man9GlcNAc2.  Before exiting the ER, α-

mannosidase I (MAN1B1) removes the terminal α1-2Man from the central arm of 

Man9GlcNAc2 to yield Man8GlcNAc2. After the glycoprotein has been trimmed in the ER, it 

will redirect to the Golgi for further modifications. Depending on the availability of α-

mannosidase I, most glycoproteins exiting the ER will carry N-glycans with either 8 or 9 

mannose residues [17].  

 

The glycoprotein with the high mannose oligosaccharide (Man8GlcNAc2) exits the 

ER and enters the Golgi where it is further modified by glycotransferases and 

glycosidases. In the cis-Golgi, α1-2 mannosidases IA, IB, and IC remove the α1-2Man 

residues from the Man8GlcNAc2 oligosaccharide to give Man5GlcNAc2. This modification 

enables GnT-I or MGAT1 in the medial Golgi to add a β1-2 linked GlcNAc residue to α1-

3 mannose branch in the core structure of Man5GlcNAc2, yielding GlcNAcMan5GlcNAc2. 

After this step, most of the N-glycans are trimmed by mannosidase IIA and IIX, which 

remove α1-3 and α1-6-linked Man residues from GlcNAcMan5GlcNAc2, yielding 

GlcNAcMan3GlcNAc2. The N-glycans that are not trimmed by mannosidase IIA and IIX 

form hybrid N-glycan structures by the action of other glycotransferases. After the two 

mannose residues are removed, a second β1-2 GlcNAc linked residue is added to the α1-
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6 linked man of the core structure by MGAT2 or GnT-II. This gives rise to the precursor of 

complex N-glycans, which are then formed by the action of other glycotransferases [17].  

 

The common core structure that is common to all N-glycans is Manα1–6(Manα1–

3) Manβ1–4GlcNAcβ1–4GlcNAcβ1-Asn-X-Ser/Thr. There are three different types of N-

glycans; complex, high mannose, and hybrid. High mannose chains result from the initial 

stage in the biosynthesis of N-linked glycans, after they exit the ER. Complex chains result 

from the removal of mannose residues from high mannose chains by glycosidases and 

the addition of other sugar residues such as fucose, sialic acid, GlcNAc, and galactose in 

the Golgi. A hybrid oligosaccharide chain contains a branched of the high mannose type 

and a branched of the complex type that also occurs in the Golgi [6, 17].  

 

1.2.2 N-Glycan Branching  

There are three types of sugar modifications and/or branching that can further add to the 

heterogeneity of N-glycan structures, which occur at the Golgi. There can be 1) sugar 

additions to the core structure, 2) additional branching by the addition of GlcNAc residues, 

and 3) decoration or “capping” of additional branch structures by other sugars [6] N- glycan 

core modifications result by the addition of fucose α1-6 linked to the GlcNAc attached to 

the asparagine residue in the core structure, which is catalyzed by the fucosyltransferase 

8 (Fut 8). Additional branching to the N-glycans can be made by the action of other 

glycotransferases [6, 17]. Regulation of additional branching is largely a function of the 

level of expression of the relevant glycotransferases, such as GnT-V or GnT-IV, level of 

sugar nucleotide donors, and glycotransferase competition of substrate. An example of 

additional branching is β1-6 branching, which results in the addition of GlcNAc β1-6 linked 

to the α1-6 linked mannose of the core structure by the action of GnT-V or MGAT5. β1-4 
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branching results by the addition of GlcNAc β1-4 linked to the α1-3 mannose of the core 

structure by the enzyme GnT-IV or MGAT4.  Such branching can be further elongated by 

the addition of β-linked galactose residue to the GlcNAc, which by the sequential addition 

of GlcNAc and galactose residues form N-acetyllactosamines or LacNAc sequences. N-

acetyllactosamines can be initiated in two different ways. Galactose can be added in a β1-

4 linkage to the GlcNAc residue of the additional branch, generating what is called a type 

2 glycan unit. Galactose residues can also be added in a β1-3 linkage to obtain a type 1 

unit. These LacNAc sequences can be further decorated or “capped” at the end by the 

addition of sialic acid, fucose, galactose, N-acetylgalactosamine, and sulfate. Capping 

sugars are most commonly α-linked. Therefore, core structure modifications, additional 

branching, and “capping” or decoration with additional monosaccharides can give rise to 

highly heterogeneous mixtures of complex N-glycan structures, which are commonly 

found on mature N-linked glycoproteins. (Figure 1.4) [6] [18].  

 

1.2.3 O-Glycan Biosynthesis 

As opposed to N-glycan synthesis, there are no lipid linked intermediates and 

glycosidases involved in O-glycan synthesis. O-linked glycosylation starts in the Golgi by 

the addition of monosaccharide units to a completed polypeptide chain. Building of the O-

glycan is initiated by the transfer of N-acetylgalactosamine (GalNAc) to a serine or 

threonine residue of a polypeptide, which is catalyzed by the enzyme polypeptide-N-

acetyl-galactosaminyltransferase (ppGalNAcT). Although there is not an identified amino 

acid sequence that accepts GalNAc residues, proline residues near the GalNAc addition 

site are usually favorable for O-glycosylation, whereas charged amino acids seem to 

interfere with O-glycosylation. The locations of O-glycans are specified by the secondary 

or tertiary structure of the protein, and there is not a common sequence as with N-glycans 
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[19].O-linked glycosylation is an essential process since all mammalian cell types express 

ppGalNAcTs. There are 21 ppGalNAcTs, with high sequence identity, and other 9 

glycotransferases involved in O-glycosylation. The subcellular localization in the Golgi of 

these enzymes determines the degree of O-glycans synthetized by a cell. For example, if 

a ppGalNAcT is localized to a late compartment of the Golgi, incomplete or shorter O-

glycans will be produced. In addition, as observed in N-glycosylation, glycotransferase 

specificity is a key feature for O-glycosylation as well. For instance, one ppGalNAcT 

cannot attach a GalNAc residue until an adjacent serine or threonine residue is 

glycosylated by a different ppGalNAcT. An example of heavily O-glycosylated proteins are 

mucins, which contain as much as 80% glycan by mass. Mucins are found in mucous 

secretions, and in cell membranes with the glycan exposed to the external 

microenvironment. Mucins have repeated peptide stretches called “variable number of 

tandem repeats” (VNTR), which are rich in serine and threonine residues, which serve as 

O-GalNAc acceptor sites. VNTR are also rich in proline residues, which facilitate O-

GalNAc glycosylation [20].  

 

There are four common O-glycan core structures, which can be further substituted 

by other sugars. The most common core structure of O-glycans found in many 

glycoproteins and mucins is the core 1 structure Galβ1-3GalNAc-, which forms the core 

of longer and complex structures. Core 2 O-glycans contain a β1,6-linked GlcNAc 

attached to the GalNAc of core 1. This type of structure is also commonly found in mucins 

and glycoproteins. Core 3 structures have an α1,6-linked sialic acid and a β1,3-linked 

GlcNAc attached to the GalNAc. Core 4 structures have a β1,6-linked GlcNAc and a β1,3-

GlcNAc attached to the GalNAc (Figure 1.5). All of the core structures can be sialylated. 

Elongation of core 1 and core 2 structures is catalyzed by β1,3-N-
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acetylglucosaminyltransferase. Terminal structures of O-glycans may contain fucose, 

sialic acid, and N-acetylglucosamine in both α and β linkages. Core 2 structures are 

regulated during activation of lymphocytes, cytokine stimulation, and embryonic 

development. In cancer, there is altered expression of the enzymes responsible for core 

2 O-glycosylation. Some of the 5 hydroxylysine (Hyl) residues of collagen are joined to D-

galactose via an O-glycosidic bond. Some proteoglycans are joined to their 

glycosaminoglycans via a Gal-Gal-Xyl-Ser structure. Cytosolic and nuclear glycoproteins 

contain GlcNAc-Ser/Thr moieties in which GlcNAc is the only sugar attached to the protein 

(Figure 1.5) [19].  

 

1.2.4 Glycan Structure Common to all Glycans  

Common to N- and O- linked glycans as well as glycolipids are terminal N-

acetylglucosamine (GlcNAc) residues which, with the subsequent addition of galactose 

residues and GlcNAc residues, can form poly-N-acetyllactosamines (see Figure 1.4). 

Hence, some glycoproteins and glycolipids are modified with poly N-acetyllactosamines. 

These type of glycan modifications are common among glycolipids and glycoproteins. The 

A, B, and H blood group antigens are glycans presented on the type 1, type 2 N-

acetyllactosamines [21]. N-acetyllactosamines are synthesized by the alternating actions 

of β1,4-galactosyltransferases and β1,3 N-acetylglucosaminyltransferases. On N-glycans, 

poly N-acetyllactosamines occur mainly on the β1,6-branch, which is catalyzed by GnT-

V. In O-glycans, poly N-acetyllactosamines occur on the β1,6 GlcNAc transferred by a 

core 2 β1,6GlcNAcT. In glycolipids, poly N-acetyllactosamines occur on the glucose β-

linked to the ceramide. In addition, such N-acetyllactosamines can be further decorated 

with the attachment of additional sugars such as fucose, galactose, N-acetylglucosamine, 

and sialic acids, all of which can be α or β linked. N-acetyllactosamines can carry 
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additional branched, elongated structures. GlcNAc residues can be added to the galactose 

residues in a β1,6 linkage, which is catalyzed by β1,6 N-acetylglucosaminyltransferases. 

These GlcNAc residues can be extended by the addition of galactose and GlcNAc 

residues, forming additional N-acetyllactosamines [21].  

 

1.3 Glycans and Cancer  

1.3.1 Cell Surface Glycosylation 

Cancer metastasis is still the major cause of cancer deaths worldwide [22]. Evidence from 

tissue specific glycosylation studies have revealed that abnormal glycosylation on cancer 

cell surfaces is one of the mechanisms by which cancer cells evade an immune response 

to survive longer in the host and facilitate metastasis [23]. Examples of abnormal 

glycosylation in cancer include incomplete or truncated glycan structures [24], increased 

branching [25], increased sialylation [26], and sometimes decreased core fucosylation in 

some cancers [27]. An example of increased branching includes β-1,6-GlcNAc branching, 

which results due to upregulation of MGAT5 or GnT-V enzyme [25]. An example of 

decreased or truncated glycosylation includes the Tn antigen (GalNAc-Ser/Thr), which is 

often found in mucins derived from tumors and not found in normal mucins [28]. These 

glycan modifications facilitate cancer proliferation and metastasis [29]. For example, 

increased β-1,6-GlcNAc branching can result in the formation of poly N-

acetyllactosamines, which are elongated glycan structures. N-acetyllactosamines are 

usually recognized by glycan binding proteins such as Galectin-3, and binding of Galectin-

3 to glycoproteins with increased poly-N-acetyllactosamines impedes natural killer cell 

recognition and activation, which subsequently results in immune evasion by cancer cells 

[30]. Also, the catalytic activity of tumor suppressor proteins can be suppressed by 

increased expression of poly-N-acetyllactosamines. For example, PTPRT acts as a 
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phosphatase protein to regulate phosphorylation of tumorigenic proteins such as STAT3, 

and when PTPRT is modified with poly-N-acetyllactosamines, Galectin-3 binding masks 

its catalytic activity, preventing STAT3 dephosphorylation, and inducing STAT3 

translocation to the nucleus where it induces the transcription of tumorigenic proteins that 

drive cell proliferation [31].  

 

1.3.2 Blood Plasma Protein Glycosylation  

In addition to abnormal cell surface glycosylation, abnormal glycosylation of circulating 

glycoproteins in the blood is commonly observed [32]. Abnormal glycosylation of highly 

abundant blood plasma glycoproteins is a feature that is known to be a hallmark of nearly 

every type of cancer [33]. In lung cancer patients, five major glycan features that are 

elevated relative to healthy individuals are terminal fucosylation, α2-6-sialylation, β1-6-

branching, β1-4-branching, and outer arm fucosylation [34]. These changes are stage 

dependent as these levels increase dramatically from stage I to stage IV in lung cancer. 

Other types of cancer, such as ovarian cancer and bladder cancer, also display similar 

characteristics, with α2-6-sialylation being elevated in both [35]. The role that these 

abnormal glycan features within highly abundant blood plasma proteins play in cancer 

development is not well understood, and what is most striking is that such changes are 

not derived directly from the tumor. Such glycan changes come from healthy hepatocytes 

and B cells/plasma cells since the vast majority of plasma glycoproteins are produced by 

the liver and by the immune system (as antibodies) [36]. Therefore, cancer induced 

changes to the immune system and hepatocytes are more likely responsible for the glycan 

structural changes observed in the blood.  

 



  13 

1.4 Effect of Inflammatory Cytokines on Regulating Glycosylation in Mammalian 

Cells 

1.4.1 Inflammatory Cytokines Regulate N-Glycan Branching on Blood Plasma 

Glycoproteins 

It has been discussed that malignant transformation is accompanied by abnormal 

glycosylation [33]. An understanding of the biochemical mechanisms regulating abnormal 

glycosylation in cancer can provide new targets for therapy efficacy and diagnosis [37]. 

However, little is known about the factors that drive abnormal glycosylation in cancer. The 

level of glycosylation depends on several factors, such as the level of glycosyltransferase 

expression, nucleotide sugar donor availability, and cytokine expression. For instance, 

constant GnT-V over expression has been reported in several tumors, and its 

overexpression is associated with tumor development. However, few documented 

mutations in glycosyltransferase genes have been reported [38], which means that 

upstream factors or pathways are responsible for the altered expression of 

glycosyltransferase activity in cancer cells. These upstream factors are most likely 

cytokines since there are studies demonstrating how certain cytokines alter 

glycosyltransferase activity [39–45], although the exact molecular pathway is not always 

well defined. Cytokines are important players in mediating innate and adaptive immunity, 

and they are important in activating T-cells and other immune cells. In response to 

infection, tissue injury, or cancer, several inflammatory processes cause the activation of 

immune cells, such as macrophages and monocytes, that are responsible for host 

protection. These immune cells secrete cytokines which in turn have the ability to activate 

other immune cells [39]. The cytokines involved in stimulation of pro- and anti-

inflammatory processes are referred to as inflammatory cytokines. One of the many 

targets of inflammatory cytokines are hepatocytes. Hepatocytes secrete acute phase 
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proteins or plasma proteins that constitute about 50% of all blood plasma glycoproteins 

[40]. It has been shown that inflammatory cytokines, such as IL-6, IL-1β, and TNF-α, can 

not only alter genes encoding acute phase proteins, but they can also alter glycosylation 

of acute phase proteins [41, 42, 44, 45]. A technique called “crossed affinity 

immunoelectrophoresis” with a lectin Concanavalin A (Con A) as a ligand was first used 

to discover glycosylation changes of acute phase proteins upon cytokine stimulation [43]. 

Con A binds only with bi-antennary glycans, but it does not bind to tri- or tetraantennary 

glycans. This led to the finding that inflammatory cytokines increased branching of N-

glycans in acute phase proteins [45]. These studies, however, were limited since a 

complete glycan profile was not provided, and other glycosylation changes, besides 

increased branching, might not have been observed.  

 

1.4.2 Inflammatory Cytokines Regulate Abnormal Cell Surface Glycosylation  

Cytokines, such as IL-6, IL-1β, IL-5, and IL-10, are commonly found elevated in many 

types of cancers, including pancreatic cancer and lung cancer, and they are known to 

increase the expression of several oncogenic proteins that facilitate tumor development 

[46–52]. These cytokines are also known to regulate cell surface glycosylation in different 

cell lines. For instance, IL-6 and IL-1β are known to regulate the expression of specific 

glycosyltransferases involved in the synthesis of tumor specific antigens in several cancer 

cells: In gastric cancer cells, IL-6 and IL-1β are known to regulate the expression of several 

fucosyltransferase and sialyltransferase genes that are involved in the synthesis of 

sialylated Lewis antigens [53]. In hepatocellular carcinoma cells, IL-6 induces the 

production of fucosylated haptoglobin [54]. In pancreatic cancer cells, IL-6 and IL-1β were 

found to regulate the expression of tumor associated sialylated antigens such as SLex 

[55]. Additionally, IL-10 is known to regulate fucosylation in epithelial cells [56], and IL-5 
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is known to increase sialylation of secreted IgA in B-lymphoma cells [57]. The common 

belief is that abnormal glycosylation is the result of the inflammatory aspect of cancer. 

However, the Borges lab has provided evidence that, at least in blood plasma/serum, 

cancer causes changes in glycosylation above and beyond inflammation alone from some 

of the cancers that have been studied in which the control samples were from 

inflammation-positive patients, but glycan changes occurred beyond what was observed 

in the controls [34]. Overall, the immune network, the inflammatory aspect of cancer, and 

inflammatory cytokines indicate that multiple pathways could be involved in regulating the 

complex machinery of plasma protein glycosylation in cancer patients.  

 

1.5 Sialylation in Cancer Immunology  

1.5.1 Natural Killer Cells and Lymphokine Activated Killer Cells 

The immune system is capable of recognizing and destroying cancer cells [58].  Natural 

killer (NK) cells are part of the innate immune system, and they comprise about 5-15 % of 

all lymphocytes. NK cells express CD16 and CD56 receptor, but they do not have the 

component of the T cell receptor CD3 [59]. In NK cell immunotherapy for cancer, NK cells 

are used to kill cancer cells that lack MHC-1. Therefore, those cells that lack MHC-1, and 

cannot be targeted by T-cells, are the ideal target cells for NK cells [60]. NK cells are 

commonly used in patients for leukemia treatment [61]. However, NK cells show limited 

clinical efficacy in clinical trials. The limited efficacies have to do with the inhibitory signals 

found in the tumor microenvironment, such as sialic acids, MHC expressing cells, and 

expansion of regulatory T cells [62].   

 

The central goal of anti-cancer immunotherapy is to activate cytotoxic lymphocytes 

and enhance their cytotoxic activity against cancer cells [63]. Among the many 
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immunotherapy methods being considered for anti-cancer therapy, the use of lymphokine 

activated killer cells has been translated into clinical studies [64]. When peripheral blood 

mononuclear cells (PBMCs) are stimulated with interleukin-2 (IL-2) cytokine, they are 

transformed into lymphokine activated killer (LAK) cells. LAK cells are composed of NK 

cells and NKT cells. NKT cells express CD16 and CD56 receptors, but they also express 

the T-cell receptor CD3 [65]. Therefore, these cells can target both, MHC-1 expressing 

cells and cells that lack MHC-1. LAK cells were first introduced by Rosenberg et al in 1985 

for the treatment of metastatic melanoma, and 11 of 25 patients showed significant tumor 

regression, with one patient exhibiting complete tumor regression [66]. However, a low 

clinical response rate was reported in phase II and phase III trials using LAK cells in 

combination with IL-2. The low response in later trials was explained by the expansion of 

regulatory T-cells induced by IL-2 and by prevention of NK cell attack from the inhibitory 

receptor killer cell immunoglobulin-like receptor (KIRs) [67].  Today, even though LAK cells 

are not widely used, LAK cell immunotherapy is still being used in some clinical trials in 

combination with other forms of therapy. For instance, it has been shown that LAK cell 

immunotherapy in combination rituximab in patients with follicular lymphoma is safe and 

may delay disease progression [64].  

 

Immune cell mediated cancer therapy is commonly attempted to eradicate tumors 

in clinical research [60]. Another commonly used method is adoptive T-cell therapy, in 

which tumor infiltrating T-cells (TILs) are isolated from the primary tumor, activated with 

IL-2 cytokines, expanded, and transplanted back into the patient. The process of cell 

isolation and activation is similar as in T-cells and NK cells [68].  Therefore, an 

understanding of the mechanisms that lead to NK cell or LAK cell impairment could be of 

great importance for improving NK/LAK cell and T cell immunotherapy.   
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1.5.2 Role of Sialylation in Regulating Lymphocyte Cytotoxicity  

The most critical step in cancer metastasis is when cancer cells disseminate into blood 

circulation [69]. In circulation, cancer cells are exposed to immune cells, such as natural 

killer (NK) cells and T-cells, that patrol and kill cancer cells to avoid their dissemination. 

However, cancer cells have evolved different mechanisms to evade an immune response. 

Recent studies have shown that increased expression of sialic acids on the surface of 

cancer cells is one of the mechanisms by which cancer cells evade the cytotoxicity activity 

of NK cells and T-cells [70]. NK cells are part of the innate immune response, and they 

express both inhibitory and activating receptors on their surface. Sialic acid binding 

immunoglobulin-type lectin 7 (Siglec-7) is an inhibitory receptor expressed on NK cells, 

and cancer cells evade NK-cell dependent killing by enhancing Siglec-7 receptor-

mediating signaling using sialic acids on the cell surface [71]. Another study found that 

tumor infiltrating lymphocytes show enhanced expression of Siglec-9 receptor (an 

inhibitory receptor on T cells), and cancer cells evade T-cell cytotoxicity by engaging 

Siglec-9 signaling using sialic acid overexpression on their surface [72]. These studies 

suggest that increased expression of sialic acids in blood plasma glycoproteins will also 

engage Siglec receptors on NK cells and T-cells to block their killing activity against cancer 

cells, facilitating dissemination and metastasis of cancer. However, to date there are not 

any studies that show how abnormal sialic acid bearing blood plasma glycoproteins 

protect cancer cells from an immune response.  

 

Additionally, it has been extensively studied how cancer cells use cell surface 

glycans to evade the cytotoxicity activity of immune cells in circulation [73], yet it is not 

well understood how blood plasma glycans facilitate evasion of the immune response. 

Some studies suggest that glycosylation changes in blood plasma glycoproteins facilitate 
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tumor development and metastasis by facilitating evasion of the natural immune response 

to cancer [74]. Other studies suggest that abnormal glycosylation in the blood “coats” 

tumor cells, protecting them from the killing activity of immune cells such as natural killer 

cells (NK cells) [75]. Blood plasma glycoproteins display increased N-glycan branching 

and subsequently increased expression of sialic acids on the terminal glycan [76]. Such 

sialic acids likely engage NK cells or CD8-T cells through binding of their inhibitory sialic 

acid binding immunoglobulin-type lectin (siglec) receptors, resulting in immune evasion. 

This suggested mechanism is supported by the fact that tumor secreted glycoproteins with 

increased sialic acids, such as osteopontin, engage the siglec-9 receptor on T cells and 

inhibits their cytotoxicity activity [77]. Specific glycan features, such as increased 

sialylation in circulation, could engage inhibitory siglec receptors on natural killer (NK) cells 

and T-cells and inhibit their cytotoxic activity against cancer cells. 

   

As explained above, elevated sialylation is one of the many glycan features that 

are elevated in blood plasma glycoproteins in cancer, and research studies on how this is 

beneficial to cancer are scarce. Additionally, while increased levels of sialic acid content 

on glycoproteins appears to be a driver for tumor development, in other cases low levels 

of sialic acids can promote the development of other diseases, such as atherosclerosis 

[78], as described below.   

 

1.6 Desialylated Blood Plasma Low-Density Lipoprotein in Atherosclerosis  

1.6.1 Carbohydrate and Chemical Composition of Low-Density Lipoprotein 

Blood plasma low-density lipoprotein (LDL), also known as the “bad” cholesterol, plays an 

important role in the development of atherosclerosis because of its capability to deliver 

cholesterol from the liver to other cells in circulation and the arterial wall [79]. LDL particles 
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are about 3 million Daltons in total molecular weight and are composed of apolipoprotein 

B-100 (apoB-100), a phospholipid monolayer, and a hydrophobic core which makes up 

about 75% of LDL particle weight. ApoB-100 has 16 asparagine residues that are 

glycosylated and up to 24 potential N-glycosylation sites. Glycans constitute about 5-9 % 

of ApoB-100 molecular weight. There are two types of glycan chains on ApoB-100; one 

type of chain contains N-acetylglucosamine (GlcNAc) and mannose (Man) residues, and 

the other type of chain contains GlcNAc, Man, and Galactose (Gal) residues connected to 

sialic acids. The phospholipid part of LDL contains diacylglycerol, ceramide, 

phosphatidylcholine, sphingomyelin, and phosphatidylethanolamine. The hydrophobic 

core contains cholesterol esters, non-esterified cholesterol, and triglycerides. In addition 

to transporting cholesterol, LDL also transports gangliosides, which are sialic acid rich. 

Gangliosides are believed to contain most of the sialic acids present in LDL particles. The 

glycolipid part of LDL contains galactosamine and glucose monosaccharides [78].  

 

1.6.2 Atherogenic Role of Desialylated Low-Density Lipoprotein   

The search for atherogenic LDL in the blood stream of patients with coronary 

atherosclerosis led to the discovery of LDL particles with low levels of sialic acids, referred 

to as desialylated LDL [80]. Compared to healthy controls, patients with coronary 

atherosclerosis showed significantly lower levels of sialic acids on LDL particles, but no 

significance difference was found in the levels of GlcNAc, Gal, and Man residues [81]. 

Desialylation of LDL appears to be a hallmark of atherosclerosis since this grants the 

ability of LDL to induce atherogenic changes in cells. In vitro desialylated LDL and isolated 

LDL from patients with atherosclerosis induce intracellular lipid accumulation in smooth 

muscle cells. LDL isolated from healthy controls shows no significant induction of 

intracellular lipid accumulation, whereas LDL isolated from patients with coronary 
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atherosclerosis induces increased intracellular content of triglycerides and cholesterol 

esters [81]. Desialylation of LDL plays a key role in enhancing the uptake of LDL by cells, 

leading to increased intracellular accumulation of cholesterol esters. The enhanced 

uptake of desialylated LDL and low degradation of ApoB-100 causes the intracellular 

accumulation of cholesterol esters. The uptake of native LDL is controlled by LDL 

receptors, but desialylation of LDL allows LDL particles to enter arterial walls via other 

pathways [82].  

 

Desialylation likely occurs in the blood stream, however, the exact mechanisms on 

how this posttranslational modification occurs is not well understood. Evidence suggests 

that desialylation might be an early event that leads to smaller, denser, more 

electronegative, and oxidized LDL particles, all of which are referred to as multiple 

modified LDL that cause atherogenic changes in cells [83]. Therefore, elucidation of the 

molecular mechanism by which LDL is desialylated is important. One hypothesis is that 

LDL undergoes desialylation in the blood. For instance, one study showed that when 

native LDL was treated with trans-sialidase that was isolated from lipoprotein deficient 

serum, desialylation of LDL occurred [84]. This desialylated LDL then induced 

accumulation of cholesterol esters in human aortic intimal cells [84]. While this may be a 

possible mechanism, other factors might be involved, such as cytokines, which are known 

to regulate glycosylation of glycoproteins.   

 

1.6.3 LDL Oxidation and a Method for its Quantification 

In addition to desialylation of LDL, oxidation of LDL is an also an important mediator in the 

development of atherosclerosis. Studies have shown that when LDL is both desialylated 

and oxidized, its atherogenic capability is much higher [85]. In fact, studies have shown 
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that desialylated LDL is more easily oxidized than native LDL [86], leading to the 

hypothesis that desialylation is an early even that leads to LDL oxidation. Therefore, a 

rapid, reliable, cheap, and general method to determine oxidative modification of LDL is 

needed for studies of LDL in atherosclerosis and other diseases. The most commonly 

used and preferred assay for LDL oxidation studies is the thiobarbituric acid reactive 

substances (TBARS) assay [87]. Malondialdehyde (MDA) has been widely used as a 

marker of lipid peroxidation due to its facile reaction with thiobarbituric acid (TBA) that 

leads to the formation of MDA-TBA2 conjugates. These conjugates absorb in the visible 

spectrum at 532 nm and produces a pink color. The major source of TBARS in LDL are 

the unsaturated fatty acids arachidonic acid and docosahexaenoic acid [87]. Because 

other molecules derived from lipid peroxidation can also react with TBA, this assay is 

considered to measure thiobarbituric acid reactive substances (TBARS) [88] and is readily 

applicable to LDL.  

 

1.6.4 Low-Density Lipoprotein in Cancer 

Little is known about the role of LDL in tumor development, and little research has been 

done on the role of oxidized-desialylated LDL in cancer. However, some studies suggest 

that LDL, free cholesterols, and lipids can inhibit NK cell cytotoxicity against cancer cells 

[89]. One study showed that LDL uptake inhibits the antitumor functions of γδT-cells [90], 

which express NK receptors that determine their antitumor cytotoxicity. A different study 

found that NK cells with increased intracellular lipid accumulation display decreased 

cytotoxicity effects [89]. These studies suggest that enhanced uptake of LDL by NK cells 

inhibits their antitumor functions. However, little is known about how oxidation and 

desialylation of LDL affects uptake and cytotoxicity of NK cells. There is one study that 

shows how oxidation of LDL by polymorphonuclear leukocytes inhibits NK activity in a 
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dose response manner [91], yet the exact mechanism on how this occurs is not well 

defined. In this dissertation, a new role for oxidized and desialylated LDL in modifying LAK 

cell activity is discussed in chapter 5. 

  

As discussed above in sections 1.3-1.6, glycosylation changes, such as sialylation, in 

cancer and in atherosclerosis are extremely important since they can have an impact on 

disease progression and development. The first step towards understanding glycan 

function in disease is to understand glycan structural changes. Therefore, there is a need 

for new glycomics methods that can quantify specific changes in glycosylation and that 

are able to provide reliable and reproducible results.  In the next section, it will be 

discussed the commonly used methods for glycan analysis (top down glycomics), and a 

bottom up glycomics approach (glycan node analysis), which was used to conduct this 

research. 

 

1.7 Glycan Analysis Methods 

1.7.1 Intact Glycan Analysis; Top Down Glycomics   

Glycosylation changes in cancer are well recognized in medicine, and their potential 

clinical utility has been suggested [92]. There are several glycomics methods that are 

commonly used to profile glycosylation in cells and in blood plasma. For example, Lectin 

microarrays are a technology that was recently developed in 2005 for the analysis of 

glycan epitopes [93]. Microarrays consist of glycan binding proteins or lectins immobilized 

to a glass support that bind to certain glycan epitopes. These immobilized lectins are 

incubated with a fluorescently labeled sample that reveals which epitopes bind to the 

lectins. One of the disadvantages of lectin microarrays are structural limitations since the 

exact glycan structures are not revealed. Mass spectrometry (MS) techniques overcome 
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such structural limitations since MS instruments are often coupled to chromatographic 

techniques that allow separations of glycans facilitating structural analysis [94]. 

Additionally, controlled fragmentation of ions by tandem mass spectrometry (MS/MS),  a 

feature commonly used in intact glycan analysis, allows the analysis of glycan sequences 

and it gives an additional insight into glycan structure [94]. For intact glycan analysis, MS 

methods often employ high-performance liquid chromatography (HPLC) to achieve 

sample separation. However, the MS method that does not use a sample separation 

technique is the Matrix-Assisted Laser Ionization Time-of-Flight Mass-Spectrometry 

(MALDI-TOF MS), which is a method with high-throughput and automation potential.  

HPLC-MS and MALDI-TOF MS methodologies often use the PNGase F enzyme to 

release N-glycans from pre-isolated glycoproteins and biological samples [95]. These 

studies, however, are often limited to N-glycan analysis since there is not an enzyme that 

efficiently releases O-linked glycans.  

 

1.7.2 Bottom Up Glycomics; “Glycan Node Analysis” 

In addition to the top down glycomics techniques, a bottom up glycomics technique, 

referred to as “glycan node analysis”, has proven effective at detecting multiple classes of 

glycans in whole biological specimens. Glycan node analysis allows a broad analysis of 

multiple types of glycans, such as N-linked, O-linked, and lipid linked glycans, as 

compared to top down glycomics methods that are often limited to N-glycoproteins. The 

glycan node analysis involves the chemical deconstruction of glycans from whole 

biospecimens into its monosaccharide constituents in such a way that monosaccharide 

identity, branching, and glycan linkages are captured as single analytical signals by GC-

MS (Figure 1.6) [96].  This technique has been applied to whole blood plasma or serum 

from hundreds of patients with cancer, and it has been shown effective at generating 
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specific glycan nodes that distinguish cancer patient plasma from that of healthy matched 

controls [34, 35, 97]. Another advantage of using glycan node analysis over intact glycan 

analysis methods is that several glycan nodes can be used as molecular surrogates of 

glycosyltransferase activity [96]. One of the limitations of glycan node analysis, however, 

is that at least 100 μg of glycoprotein sample are needed for analysis. The first step in 

glycan node analysis is the permethylation procedure. Permethylation allows the release 

O-linked glycans, and it provides stability to glycans, as discussed below.       

 

1.7.2.1 Solid Phase Permethylation  

Permethylation is a technique commonly used for glycan sample preparation prior to MS 

analysis. Permethylation improves sensitivity in mass spectrometry, it facilitates 

determination of glycan composition, such as linkages, branching points, and 

monosaccharide identity. Permethylation provides stability to isolated glycan structures 

and increases volatility of glycans. Glycan node analysis uses the spin column 

permethylation procedure developed by Kang et al [98] and Goetz et al [99], and further 

adapted and modified by Borges et al [96, 100]. The use of a strong base, such as sodium 

hydroxide, and a polar aprotic organic solvent, such as dimethyl sulfoxide (DMSO), are 

employed in the permethylation reaction with iodomethane as the permethylating reagent. 

A direct reaction between iodomethane and glycans does not seem possible because no 

permethylated product is obtained after mixing these reagents [101]. The presence of a 

strong base, such as sodium hydroxide, is needed to deprotonate the hydroxyl groups on 

carbohydrates and generate alkoxyl groups because alkoxide is a more powerful 

nucleophilic agent than carbohydrate hydroxyl. A methylating reagent (iodomethane) in 

the presence of alkoxyl groups generates methyl esters by the nucleophilic attack of the 

hydroxyl ion (alkoxyl group) on the methylating reagent (Figure 1.7) [99]. Permethylation 
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is carried out in polar aprotic solvent, such as DMSO, to give more efficient permethylation. 

It has been shown that the permethylation reaction is faster in a polar solvent [102]. 

Additionally, DMSO dissolves carbohydrates, but it does not dissolve sodium hydroxide. 

Hence, solid sodium hydroxide beads are commonly used since these will collect the water 

produced during permethylation reaction. The process of using of solid sodium hydroxide 

beads for permethylation of glycans is commonly known as solid phase permethylation, 

and it commonly involves the use of spin columns packed with sodium hydroxide beads 

[103]. However, solid phase permethylation can be cumbersome and somewhat 

expensive because of its requirement for spin columns.  

 

One of the functions of permethylation is to release O-glycans from proteins. The 

hydroxyl ions or permethylation base abstract a hydrogen from the α-carbon of either 

serine or threonine. This results in a double bond between the α-carbon and the β-carbon 

of serine or threonine. Formation of such doble bond results in cleavage of β-carbon of 

serine or threonine from the oxygen on the reducing end of the O-linked glycan. The 

cleavage generates an alkoxide that then reacts with iodomethane that ultimately results 

in permethylation of the free reducing end of the O-glycan (Figure 1.7) [99]. Although this 

study suggests that O-glycan release occurs more efficiently when proteins are denatured, 

the exact release efficiency of O-glycans by permethylation is not exactly known. 

However, when O-glycans (3-GalNAc, 3,6-GalNAc) are quantified by glycan node 

analysis, results are consistent enough to give acceptable % CV, as shown by Borges 

et,al [96, 100].  

 

1.7.2.2 Hydrolysis, Reduction, and Acetylation   



  26 

After permethylation, the next steps in glycan node analysis are hydrolysis, reduction, and 

acetylation, which were adapted from Heiss et al [104]. Hydrolysis is carried out with 2 M 

trifluoroacetic acid at 120 oC for two hours. During hydrolysis, partially methylated 

monosaccharides are generated, and all the N-linked and lipid-linked glycans are released 

(Figure 1.7). Evidence is provided in Borges et al [96] that the monosaccharides from N-

glycans and lipid link glycans are released during hydrolysis. After hydrolysis, partially 

methylated monosaccharides are reduced to alditols with sodium borohydride. Reduction 

allows the capture of linear structures in order to avoid formation of isomers during GC-

MS analysis.  The last step in glycan node analysis is acetylation which forms a partially 

methylated alditol acetate (PMAA). In acetylation, all the hydroxyl groups that were formed 

during hydrolysis are acetylated, forming a unique pattern of methyl and acetyl groups that 

corresponds to the linkage pattern of a monosaccharide as it existed in the original glycan 

polymer (Figure 1.7) and providing the molecular basis for separation and quantification 

by GC-MS (Figure 1.7). Monosaccharides with charged groups like carboxyls, sulfates 

and even amines are not detected by this approach  [96].  
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Figure 1.1. Representative structure of a 3-6-linked branched α-D-mannose 
trisaccharide. A) Chair monosaccharide mannose (Man) structures linked by glycosidic 
bonds forming a common core structure of N-linked glycans. B) Cartoon representation of 
glycan structure shown in A.   
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Figure 1.2 Common classes of glycans in mammalian cells. a) N-linked glycans on 
glycoproteins are covalently bound to Asn residues.  b) O-linked glycans are found 
covalently linked to Ser or Thr residues on glycoproteins and mucins. c) 
Glycosphingolipids consist of the lipid ceramide linked to one or more sugars. d) 
Glycosylphosphatidylinositol (GPI)-linked proteins are anchored in the outer leaflet of the 
plasma membrane by a glycan covalently linked to phosphatidylinositol. 
Glycosaminoglycans can occur as free chains (hyaluronan; e) or as covalent complexes 
with proteoglycan core proteins (heparan sulphate, chondroitin sulphate and dermatan 
sulphate, a type of chondroitin-sulphate-containing iduronic acid (IdoA)). f) Proteoglycans 
participate in growthfactor activation and cell adhesion. g) Various cytoplasmic and 
nuclear proteins contain O-linked N-acetylglucosamine (O-GlcNAc). Some 
glycoconjugates can be tethered to the plasma membrane as depicted or secreted into 
the extracellular matrix. In some cases, hybrid molecules exist, containing more than one 
type of glycan. Sugars are represented by coloured geometric symbols. Glc, glucose; Gal, 
galactose; Man, mannose; GlcNAc, N-acetylglucosamine; GalNAc, N-
acetylgalactosamine; GlcA, glucuronic acid; Fuc, fucose; Xyl, xylose; Sia, sialic acid. (This 
figure was adapted with permission from ref.[7]. Copyright 2005, Nature Publishing 
Group). 
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Figure 1.3. Structures of representative glycosphingolipids (GSLs) and 
glycoglycerolipids. GSLs, such as GalCer, are built on a ceramide lipid moiety that 
consists of a long-chain amino alcohol (sphingosine) in amide linkage to a fatty acid. In 
comparison, glycoglycerolipids, such as seminolipid, are built on a diacyl or 
acylalkylglycerol lipid moiety. Most animal glycolipids are GSLs, which have a large and 
diverse family of glycans attached to ceramide. Shown is one example of a complex 
sialylated GSL, GT1b (IV3Neu5AcII3[Neu5Ac]2Gg4Cer). (This figure was adapted with 
permission from ref.[11]. Copyright 2015-2017 by The Consortium of Glycobiology Editors, 
La Jolla, California).  
 

 

Figure 1.4. Typical complex N-glycans found on mature glycoproteins. A LacNAc 
unit (bracketed) on any branch may be repeated many times. (This figure was adapted 
with permission from ref.[6]. Copyright 2015-2017 by The Consortium of Glycobiology 
Editors, La Jolla, California). 
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Figure 1.5. Common core O-linked glycans. Attached to the mucin are complex O-
GalNAc glycans with different cores identified by gray boxes. Extended core 1, 2, 3, or 4 
O-GalNAc glycans are from human respiratory mucins and the extended core 3 O-GalNAc 
glycan is from human colonic mucins. All four core structures (in boxes) may be extended, 
branched, and terminated with Fuc, Sia, or blood group antigenic determinants. Core 1 
and 3 O-GalNAc glycans may also carry α2-6 Sia linked to the core GalNAc. Green lines 
are protein. (This figure was adapted with permission from ref.[19]. Copyright 2015-2017 
by The Consortium of Glycobiology Editors, La Jolla, California).  
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Figure 1.6. Conceptual overview of the glycan “node” analysis concept. The 
procedure consists of applying glycan linkage (methylation) analysis to intact 
glycoproteins, whole biofluids or, in this case, unpurified cell culture supernatant. Intact 
normal and abnormal glycans including O-glycans, N-glycans, and glycolipids are 
processed and transformed into partially methylated alditol acetates (PMAAs), each of 
which corresponds to a particular monosaccharide-and-linkage-specific glycan “node” in 
the original polymer. As illustrated, analytically pooling together the glycan nodes from 
among all the aberrant intact glycan structures provides a more direct surrogate 
measurement of abnormal glycosyltransferase activity than any individual intact glycan 
while simultaneously converting unique glycan features such as “core fucosylation,” “α2-
6 sialylation,” “bisecting GlcNAc,” and “β-1-6 branching” into single analytical signals. 
Actual extracted ion chromatograms from 9 μl blood plasma samples are shown. Numbers 
adjacent to monosaccharide residues in glycan structures indicate the position at which 
the higher residue is linked to the lower residue. (This figure was adapted with permission 
from ref.[96]. Copyright 2013 American Chemical Society).  
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Figure 1.7. Molecular overview of the glycan “node” analysis procedure. O-linked 
glycans are released during permethylation, while N-linked glycans and glycolipids are 
released during acid hydrolysis. The unique pattern of stereochemistry, methylation and 
acetylation in the final partially methylated alditol acetates (PMAAs) corresponds to the 
unique glycan “node” in the original glycan polymer and provides the molecular basis for 
separation and quantification by GC-MS. (Figure adapted with permission from ref.[96]. 
Copyright 2013 American Chemical Society).  
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CHAPTER 2 

GLYCOSYLATION CONSISTENCY PROFILING IN CELL CULTURE SUPERNATANT 

AND ANTIBODIES USING GLYCAN NODE ANALYSIS AND GC-MS 

 

2.1 Introduction 

Glycosylation is a common posttranslational modification of mammalian proteins. About 

50% of all mammalian proteins are glycosylated [4]. Glycoproteins can be secreted by 

cells or found in cell membranes, and their glycans play pivotal roles in cell recognition [4], 

immune evasion [71], and cell signaling [31]. There are over 200 known human 

glycosyltransferase genes that encode for glycosyltransferase enzymes, each of which 

assembles glycans in a strict donor, acceptor, and linkage-specific manner [13].  

 

Aberrant glycosylation is common in cancer. Glycosylation changes that occur in 

this disease are known to help facilitate tumor metastasis [92]. In the antibody therapeutic 

industry, changes in glycosylation can severely impact antibody stability and biological 

function [105]. In both cases, cell culture systems are employed to either study 

glycosylation in cancer cell lines or to produce antibodies with consistent glycosylation so 

that their pharmacodynamics and pharmacokinetics will remain constant. In most cases, 

altered expression of glycosyltransferases serves as the immediate upstream cause of 

structural changes in glycosylation [105].  

 

While abnormal glycosylation within cancer cells has been extensively studied [40, 

54, 106], relatively little is known about the mechanisms leading to aberrant glycosylation 

of the numerous highly abundant blood plasma proteins in cancer, the vast majority of 
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which are secreted by either the liver or B-cells/plasma cells (i.e., IgG) and are the major 

analytical target of serum glycomics studies [107]. 

 

Additionally, structural characterization of therapeutic antibody glycans is required 

under regulatory guidelines because changes in antibody glycosylation tend to be the 

major source of batch to batch variability during their production [108]. It is thus important 

to track therapeutic antibody glycosylation changes to ensure batch to batch consistency 

and the proper function of the antibody.  

 

Glycans are complex sugar polymers containing a variety of different 

monosaccharides, α-linkages or β-linkages, linear and branched forms, and sometimes 

repeating units, all of which add high heterogeneity to the glycan structure and makes the 

analysis of glycans a difficult task [5]. New methods that expedite the quantification of 

unique glycan features and that can point directly to dysregulated glycosyltransferases in 

cell culture supernatant would help facilitate a better understanding of the mechanisms 

regulating the glycan structures of secreted glycoproteins. Additionally, new methods for 

the direct quantification of specific glycan features in antibodies could help facilitate 

improved batch to batch glycosylation consistency profiling.  

 

Glycan methylation analysis (a.k.a., glycan linkage analysis) that takes place via 

generation of partially methylated alditol acetates (PMAAs) and subsequent analysis by 

GC-MS has been widely used in the past to systematically deconstruct pre-isolated 

glycans in order to obtain linkage and branching information [98, 109–111]. Over the past 

few years this approach has been adapted to the analysis of whole biofluids and employed 

it as a biomarker development tool in blood plasma/serum [34, 35, 96, 97, 100, 112]. In 
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short, the technique involves the simultaneous chemical deconstruction of N-, O-, and lipid 

linked glycans in a manner that both conserves and facilitates relative quantification of 

uniquely linked monosaccharides (glycan nodes). In doing so, the approach captures 

unique glycan features, such as “core fucosylation”, “α2-6-sialylation”, “β1-6-branching”, 

“β1-4-branching”, and “bisecting GlcNAc”, as single analytical signals, some of which 

serve as 1:1 molecular surrogates of glycosyltransferase activity [96] (Figures 1.6 & 1.7). 

As such, application of this approach to profiling the glycosylation of proteins produced by 

cultured cells should provide a direct means of tracking specific glycan features that reflect 

important changes in cellular biology and impact the function of secreted glycoproteins 

and antibodies.  

 

A detailed methodology for the adaptation of this approach to the analysis of 

glycoproteins in cell culture supernatants and to antibody glycosylation profiling is 

reported. Analysis of glycan nodes in cell culture supernatant is reproducible and 

consistent on a day-to-day basis. As an example for the application of the assay, the effect 

of IL-6 and IL-1β cytokines on secreted hepatocyte glycoprotein glycan node profiles is 

demonstrated using HepG2 cells as target cells. Specific tumor antigens such as β1-6-

branching,β1-4-branching, antennary fucosylation,  bisecting GlcNAc, and the Tn antigen 

(GalNAc-Ser/Thr) were found to be regulated by IL-6.Terminal galactosylation was found 

to be regulated specifically IL-1β. Additionally, neuraminidase enzyme treatment of alpha-

1 antitrypsin IgG  demonstrates how the method can be used to detect relative changes 

in “α2-6-sialylation” along with corresponding increases in terminal galactose.  

 

2.2 Experimental Procedures 

2.2.1 Materials  
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HepG2 cells (Cat. No. HB-8065) and Eagle’s Minimum Essential Medium (EMEM) 

(Cat. No. 30-2003) were purchased from ATCC. Fetal bovine serum (FBS) (Cat. No. FB-

11) was purchased from Omega Scientific. Sterile 1X PBS pH 7.4 1L (Cat. No. 101642-

262) and trypsin 0.25 % 1X (Cat. No. 16777-166) were purchased from VWR. Alpha-1-

antitrypsin antibody (Cat. No. A0012) was purchased from Dako. Neuraminidase 

(Sialidase) from Clostridium perfringens (Cat. No. 11585886001, pkg of 5 U), which 

cleaves terminal sialic acids that are α2,3-, α2,6-, or α2,8-linked to Gal, GlcNAc, GalNAc, 

AcNeu, GlcNeu, in oligosaccharides, glycolipids, N- or O-linked glycoproteins, was 

purchased from SIGMA. Amicon Ultra - 4  3K MWCO centrifugal spin filters (Cat. No. 

UFC800324) were purchased from Fisher Scientific. Spin columns (0.9 ml) with plugs and 

polyethylene frits (Cat. No. 69705) was purchased from Thermo Fisher Scientific. HEPES 

(Cat. No. H3375-250G), DMSO (Cat. No. D8418-1L), sodium hydroxide beads (Cat. No. 

367176-2.5KG), acetonitrile (Cat. No. 539996-1KG), iodomethane (Cat. No. I8507-500G), 

chloroform (Cat. No. 650498-4L), sodium chloride (Cat. No. S7653-1KG ), sodium 

phosphate dibasic (Cat. No. S7907-500G), sodium phosphate monobasic (Cat. No. 

S8282-500G), trifluoroacetic acid (TFA) (Cat. No. 299537-500G), ammonium hydroxide 

(Cat. No. 320145-50ML), glacial acetic acid (Cat. No. 27225-1L-R ), and acetic anhydride 

(Cat. No. 539996-1KG), were purchased from SIGMA. Sodium borohydride (Cat. No. 

71321-100G) was purchased from Fluka). Methanol (Cat. No. A452SK-4) and 

dichloromethane (Cat. No. D143SK-4) were purchased from Fisher Chemical. GC-MS 

autosampler vials (Cat. No. 03-377K) were purchased from VWR. Teflon-lined pierceable 

caps, 9mm (Cat. No. C500-51G) were purchased from Thermo Fisher Scientific. GC 

consumables were purchased from Agilent (Santa Clara, Ca), and MS consumables were 

acquired from Waters (Milford, MA).  
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2.2.2 Cell Culture and Cell Supernatant Processing  

HepG2 cells were grown in T75 flasks at 370C in 5% CO2 under semi-confluent conditions 

for 3 days in 10% FBS-supplemented EMEM media. FBS-containing media was removed, 

and cells were washed 3 times with sterile 1X PBS, and once with serum-free EMEM 

media. Cells were incubated with 3 ml of serum free EMEM medium for 48 hours. Media 

was collected and changed every 24 hours. Media was collected over the last 24 hours, 

and it was centrifuged at 1000 g for 5 min to pellet any cell debris, and supernatant was 

concentrated by spin filtration. Three ml of cell culture media were placed into a 4-ml 

Amicon 3K centrifugal spin filter and centrifuged in a swing bucket rotor at 2950 x g for 30 

minutes at room temperature. Final volume was about 500 μl. Media was resuspended in 

3 ml of 10X HBS buffer and centrifuged again at 2950 x g for 30 minutes. Two more 

washes were performed with 10X HBS buffer, with the third wash centrifuged for 50 

minutes, yielding a final volume of approximately 100 μl. 

 

2.2.3 Induction Experiments with Cytokines IL-6 and IL-1β 

For induction experiments with cytokines, the Mackievicz protocol was adapted [40]. 

Briefly, HepG2 cells were grown for 3 days in FBS medium. After 3 days, FBS medium 

was removed, and cells were washed 3X with sterile 1X PBS and once with serum free 

medium to remove any FBS related proteins. Then cells were incubated with 3 ml of serum 

free medium and 50 ng/ml of cytokine (IL-6 or IL-1β) with replacement of medium and 

cytokine every 24 hours for a maximum period of 48 hours. Serum free medium was 

collected over the last 24 hours, centrifuged at 1000 g for 5 min, and supernatant was 

concentrated 30-fold using a 4-ml Amicon 3K centrifugal spin filter (MW Cutoff 3 kD), as 

described above. Three technical replicates per biological replicate (12 μl each) were 

made for glycan node analysis.  
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2.2.4 Antibody Preparation   

Pre-purified alpha-1 antitrypsin antibody (IgG) was concentrated to 10 mg/ml, and 10 μl 

(100 μg) were aliquoted for glycan node analysis.  For the desialylation of alpha-1 

antitrypsin antibody, intentionally low amounts of neuraminidase enzyme were used to 

induce only partial desialylation of IgG; To 1.7 μl of antibody (100 μg), 2 μl of a 0.1 M 

sodium acetate buffer pH 5 and 1 μl of neuraminidase enzyme (0.1 milliunits) were added. 

The final pH of the sample was checked to be around 5 using Hydrion pH papers. Samples 

were incubated for 4 hours at 37 oC.  After incubation, final pH was brought back to 7 with 

1 μl of a 0.5 M sodium bicarbonate solution. Then, final volume was brought to 10 μl with 

water and glycan node analysis was performed.  

 

2.2.5 Glycan Node Analysis  

Permethylation of concentrated cell culture medium and IgG: Twelve μl of whole 

concentrated cell medium or 10 μl of antibody were added to a 1.5 ml polypropylene test 

tube. To this, 270 μl of dimethylsulfoxide (DMSO) and 105 μl of iodomethane were added. 

This solution was mixed and added it to a plugged 1 ml spin column containing sodium 

hydroxide beads, previously preconditioned with 400 μl of acetonitrile and two rinses with 

400 μl of DMSO. Samples were mixed gently with the sodium hydroxide beads 3 to 4 

times for 10 minutes using the tip of a 200 μl pipette tip. Then, columns were unplugged 

and centrifuged them at 10,000 g for 15 sec to collect sample, leaving any NaOH residues 

behind. Immediately after, 300 μl of acetonitrile were added to the columns to wash off 

any sample left on the column. Samples and acetonitrile wash were transferred to a 

silanized glass tube containing 3.5 ml of 0.2 M sodium phosphate buffer, pH7 containing 

0.5 M NaCl. To this, 1.2 ml of chloroform were added. L/L extractions were performed 3 
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times with the sodium phosphate buffer, saving the chloroform layer every time. Then, the 

chloroform was dried under a nitrogen stream in a heating block set at 74 0C.  

 

Hydrolysis and reduction of permethylated glycans: A 2 M TFA solution was 

prepared. Then, 325 μl of the 2 M TFA solution were added to each sample, and tightly 

capped them to prevent evaporation. Then samples were heated at 120 0C for 2 hours. 

TFA was removed by drying sample under nitrogen stream in a heating block set at 74 0C. 

For the reduction of monosaccharides, 475 μl of 10 mg/ml sodium borohydride in 1 M 

ammonium hydroxide were added to each tube and allowed it to react for 1 hour. Then, 

63 μl of methanol were added to each sample to remove any residual borate, followed by 

125 μl of 9:1 methanol: acetic acid. Each time, samples were dried under nitrogen in a 

heating block set at 74 0C. To complete the drying process, the samples were placed in a 

vacuum chamber (e.g., vacuum desiccator) at room temperature for at least 20 minutes.  

 

Acetylation: After drying, 18 μl of DI water were added to each sample, and mixed 

residues until they were completely dissolved. Then, 250 μl of acetic anhydride were 

added to each tube, mixed thoroughly, and sonicated in a water batch for 2 minutes. 

Samples were incubated at 60o C for 10 minutes, followed by addition of 230 μl of TFA, 

and incubating again at 60oC for 10 minutes. Then, 1.8 ml of dichloromethane and 2 ml of 

DI water were added to each sample. L/L extraction was performed twice with water, 

removing the top layer (containing water) and saving the dichloromethane layer (bottom 

layer) every time. The dichloromethane layer was placed into silanized autosampler vials 

and dried samples under nitrogen in a heating block at 60 0C. Samples were reconstituted 

with 50 μl of acetone, and placed onto the GC-MS autosampler rack.  
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Gas Chromatography-Mass Spectrometry (GC-MS): A gas chromatograph 

coupled to a time-of-flight (TOF) mass spectrometer was used here. One microliter of each 

sample was injected in split mode (1:10) onto a silanized glass liner containing a small 

plug of silanized glass wool held at a temperature of 280 0C. Using helium as the carrier 

gas, samples were transferred onto the GC column, which is maintained at an initial 

temperature of 165oC for 0.5 min, followed by ramping the temperature at 10 oC per minute 

to 265oC then immediately ramping at 30oC per minute to 325oC and holding for 3 min. 

Samples eluting from the column were transferred to the mass spectrometer at a transfer 

line temperature of 250 oC.  They were then subjected to electron ionization at 70 eV and 

250 oC, and analyzed from m/z 40-800 by TOF-MS in which transients were summed and 

recorded every 0.2 s.  

 

Data Analysis: Identification of each glycan node was made by comparing 

retention times with those from known partially methylated alditol acetates (PMAAs)-e.g., 

such as those obtained by Borges et al [96]., and mass spectra were verified through 

comparison with the mass spectral library of PMAAs at the University of Georgia’s 

Complex Carbohydrate Research Center website 

(https://www.ccrc.uga.edu/databases/index.php#). Each glycan node was quantified by 

the sum of the integrals of a specific set of extracted ion chromatogram peaks using 

QuanLynx software. Integrated peaks were exported to an Excel spreadsheet to normalize 

the area of each glycan node by dividing each individual hexose glycan node by the sum 

of all hexoses, and each individual HexNAc glycan node by the sum of all HexNAcs. 

 

2.2.6 Western Blotting  
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Cells were washed twice with cold sterile 1X PBS and incubated with lysis buffer (500 mM 

TRIS-HCl, 150 mM NaCl, 1% NP-40, 0.1% sodium azide, 2 mM Na3VO4, 1 mM NaF, and 

a 1X protease inhibitor mixture) for 10 minutes. Protein concentrations were determined 

using bicinchonic acid (BCA) assay with BSA as a standard. To 15 μg of protein were 

added 2 μl 4X gel loading buffer (1M Tris-HCl, 10% SDS, glycerol) and 2 μl of 2% 2-

mercaptoethanol. Protein samples were boiled at 95 oC for 10 minutes, loaded into a 4-

20% denaturing gel, and run at 180 V for 45 minutes. Proteins were transferred to a 

nitrocellulose membrane for 1 hour and 15 minutes at 20 V. The blotted membrane was 

blocked with 5% milk in 1X PBST for one hour, followed by overnight incubation with 1 

μg/ml GnT-V antibody. The next day, blotted membrane was washed 3 times with 1X 

PBST and incubated with secondary antibody for one hour. The membrane was washed 

4 times, and bands were detected by chemiluminescence.  

 

2.3 Results  

2.3.1 Optimization of Concentration Factor and Chromatographic Background in 

Cell Media 

Secreted glycoproteins tend to be too diluted in cell culture media (at least from HepG2 

cells) to provide adequately strong GC-MS based extracted ion chromatogram (XIC) peak 

intensities. Thus, semi-confluent HepG2 cells were incubated with only 3 ml of serum free 

media for 48 hours, which is enough to cover the cells in T75 flasks. Reducing the amount 

of media does not affect cell viability, and the cells sustain well for up to 72 hours. 

However, even at a protein concentration of about 200 μg/ml glycan nodes could still not 

be detected upon analysis by GC-MS (data not shown). Thus, whole culture media needed 

to be concentrated about 30-fold to reach good signal to noise ratios for each of the glycan 

nodes. To reach this high concentration factor, evaporative concentration and spin 
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filtration methods were used. These two methods are well-accepted and commonly used 

for concentrating protein solutions [113].   

 

For evaporative concentration, HepG2 cell culture media was concentrated 30-fold 

using a SpeedVac Concentrator at 50 oC, pressure 3 mbar. However, the major 

disadvantage of using evaporative concentration was the formation of a precipitate during 

the process and high chromatographic background in blank media for three of the glycan 

nodes of interest, such as 2-Man, 2,6-Man, and 3,4-Gal nodes (data not shown). The 

signals in the blank media that interfere with the signal of interest appear to have the same 

ionization spectra and retention times as the glycan nodes of interest, and they appear to 

be much higher in blank media likely because components in the media are being 

consumed by the cells. Selecting for ions specific for the glycan nodes of interest did not 

solve this problem since those same ions are found in blank media as well. Even though 

the media supposedly does not contain any glycans, some its components appear to have 

the exact same electron ionization patterns and retention times as these three glycan 

nodes. Additionally, aiming for a high concentration factor leads to the formation of a 

precipitate, and this is less than ideal for the analysis of glycans. Because this method 

concentrates entire protein samples, precipitate likely occurs due to the presence of salts 

and other components in the media that decrease protein solubility and lead to the 

formation of protein aggregates [114]. Such protein aggregates can be broken down and 

resuspended thoroughly and used for glycan node analysis by GC-MS. However, 

resuspending a precipitate is time consuming. Therefore, due to these challenges, 

concentrating whole culture media by evaporative concentration methods was deemed 

unsuitable for the analysis of glycan nodes.  
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On the other hand, concentrating culture media by spin filtration helps solve the 

problems associated with evaporative concentration. Three milliliters of culture media and 

blank media were concentrated 30-fold using Amicon spin filter devices with a molecular 

weight cutoff of 3 kDa. About 10 mg of albumin (a non-glycosylated protein) were added 

to the blank media to provide a retentate since about three washes with HEPES buffer 

were performed to help remove low molecular weight components in the media. A cleaner 

chromatographic background was obtained, and no precipitate was formed using this 

approach (Figure 2.1). Because during spin filtration protein samples are concentrated by 

separating small molecules from large molecules, low molecular weight components in 

the media that were forming the precipitate and interfering with the signal of interest were 

removed. The disadvantage of using spin filtration for glycan node analysis is that some 

glycolipids maybe lost during the process. Nevertheless, this approach seemed to work 

better at removing high chromatographic background in blank media (Figure 2.1) and at 

preventing the formation of a precipitate.  

 

2.3.2 Validation of Analytical Precision for Glycan Nodes observed in Cell Culture 

Supernatant using Spin Filtration 

Concentrating the cell culture media by spin filtration gave XIC peaks with the highest 

signal-to-noise ratio and low overall chromatographic background. Intraday and interday 

precision of glycan node analysis was validated using this approach. HepG2 cells were 

seeded in 20 T75 flasks, and they were grown for 3 days in FBS medium and with serum 

free medium for 48 hours. Serum free medium was collected from across all flasks, 

centrifuged at 1000 g for 5 minutes, and supernatant was stored in a single container (bulk 

sample) at -80 oC. Serum free medium was concentrated 30-fold by spin filtration and 

analyzed by glycan methylation analysis on three different days (6 technical replicates per 
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day from the same bulk sample). The area of each chromatographic peak was integrated 

using MassLynx software, each glycan node was normalized, and the percent coefficient 

of variation (% CV) was calculated per day for each set of samples and on all three days. 

Variation per day and on all three days was low (see Table 2.1). Results show the assay 

is consistent and reproducible on three different days.  

 

2.3.3  Changes in Glycan Nodes upon Cytokine Induction  

Inflammatory cytokines, such as IL-6 and IL-1 beta, are known to regulate the expression 

of specific glycotransferases involved in the synthesis of tumor specific antigens in gastric 

cancer cells [53], hepatocellular carcinoma cells [54], and pancreatic cancer cells [55]. 

With this background in mind, we sook to understand how inflammatory cytokines, such 

as IL-6 and IL-1beta, regulate the way HepG2 cells glycosylate their secreted 

glycoproteins.  HepG2 cells were induced with 50 ng/ml of cytokine (IL-6 or IL-1 beta) for 

72 hours with replacement of media every 24 hours. Induction experiments were 

conducted with each cytokine individually. After IL-6 treatment, the relative abundance of 

2,4-Man and 2,6-Man  glycan nodes increased significantly, while the relative abundance 

of 2-Man decreased significantly (Figure 2.2A & B). 2,4-Man and 2,6-Man represent β1,4- 

and β1,6-branching, respectively. Increased β1,6-branching and β1,4-branching 

correspond to upregulation of GnT-V and GnT-IV glycotransferases, respectively [13]. 

Therefore, increased abundance of 2,4-Man and 2,6-Man nodes are indicative of 

increased branching on N-glycans, and this explains the reduction in 2-Man node (Figure 

2.2A & B). 2,6-Man is a molecular surrogate of GnT-V activity, hence, increased 

abundance of 2,6-Man node was likely due to the upregulation of GnT-V by IL-6. To 

confirm this, a Western blot was performed to check for the expression levels of GnT-V 

enzyme in HepG2 cells stimulated with IL-6. As expected, IL-6 upregulates the expression 
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levels of GnT-V in HepG2 cells, which causes increased β1,6-branching in glycoproteins 

secreted by HepG2 cells (Figure 2.2C & D). Additionally, the relative abundance of t-Gal 

and 3,4-GlcNAc nodes increased significantly, while the relative abundance of 3-Gal, 

3,4,6-Man, 4-GlcNAc, 3-GalNAc, and 3,6-GalNAc nodes decreased significantly upon IL-

6 treatment (discoveries were made using multiple t-tests with the Holm–Sidak method for 

multiple comparisons correction, and a two tailed t-test for Western blot data), see Figure 

2.2.  

 

It was observed that the 3,4-GlcNAc node increased significantly in IL-6 treated 

cells (Figure 2.3B). The 3,4-GlcNAc node represents antennary fucosylation. This glycan 

node forms when fucose gets attached to an N-glycan arm/antenna at GlcNAc that would 

have only been 4-linked. The increase expression of glycosyltransferases GnT-V and 

GnT-IV create a greater opportunity for antennary fucosylation to occur because GnT-V 

and GnT-IV enzymes add a GlcNAc residue in a β1,6-linkage or β1,4-linkage to a 

mannose of an N-glycan. This then creates a greater opportunity for the action of other 

glycosyltransferases, such as fucosyltransferases, to attach a fucose to the new GlcNAc 

on the N-glycan antenna (See Figures 1.6, 2.2 & 2.3B).  Additionally, a concomitant 

significant decrease in 4-GlcNAc confirms increased antennary fucosylation (See Figure  

2.3B).  

 

When HepG2 cells were stimulated with IL-1beta, the relative abundance of t-Gal 

increased significantly, while the relative abundance of 2-Man decreased (discoveries 

were made using the Two-stage linear set up procedure of Benjamini, Krieger and 

Yekutieli, with Q = 1 %) (Figure 2.3C & D). Changes in 2,4-Man and 2,6-Man were 

observed, and although such changes were not significant, together may explain the 
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reduction in 2-Man node that causes it to be significant (Figure 2.3C & D). We performed 

a Western blot to verify expression of GnT-V enzyme upon cytokine treatment, and 

although the expression levels of GnT-V appear to go up, such changes were not 

significant (data not shown).   

 

2.3.4 Application of Glycan Node Analysis to study Antibody Glycosylation 

Changes in glycosylation in therapeutic antibodies can severely impact their 

pharmacokinetics and pharmacodynamics [105]. Hence, it is extremely important to 

quantify antibody glycosylation and ensure batch-to-batch reproducibility. Here we show 

the applicability of the glycan node analysis procedure in quantifying specific IgG antibody 

glycan features, such as sialylation, and how these can be impacted by low amounts of 

neuraminidase activity. The pre-isolated rabbit alpha-1 antitrypsin antibody (IgG) was 

treated with 0.1 milliunits of neuraminidase enzyme, and glycan node analysis was 

performed on the desialylated samples. Results revealed a statistically significant increase 

in terminal galactose, and a significant decrease in 3-linked galactose and 6-linked 

galactose, indicating an overall decrease in terminal neuraminic acid. There were no 

significant changes for the other glycan nodes (Figure 2.4A & B). These results showed 

how such subtle changes in neuraminidase activity can be captured using glycan node 

analysis. 

 
2.4 Discussion  
 
Abnormal glycosylation in cancer appears to be under the influence of cytokines [115]. 

Inflammatory cytokines such IL-6 and IL-1β have been known to regulate specific glycan 

features of acute phase proteins [45]. However, detail structural changes in glycan 

structures on glycoproteins induced by cytokines have not been provided. Here we 

described a bottom-up glycomics approach (glycan node analysis) to quantify specific 
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glycan features in cell HepG2 cell culture supernatant. Increased production of N-glycan 

branching (2,6-Man and 2,4-Man nodes) was found to be regulated by IL-6 using glycan 

node analysis. Previous reports have suggested that bisecting GlcNAc and branching are 

two N-glycan modifications that are inversely correlated [106]. For example, increased 

branching on N-glycans results in decreased modifications with bisecting GlcNAc, or 

increased expression of GnT-V or GnT-IV enzymes result in suppression of GnT-III 

enzyme [106]. Our glycan node analysis results confirmed these observations since the 

relative abundance of 3,4,6-Man or bisecting GlcNAc decreased significantly as increased 

branching (β1,6- branching and β1,4- branching) occurred simultaneously upon IL-6 

treatment (Figure 2.3A).  

 

3-GalNAc and 3,6-GalNAc nodes are the common core structure in O-glycans, and 

these two glycan nodes were downregulated by IL-6 and IL-1β, as suggested by our 

glycan node analysis (Figure 2.3B). In cancer cells, O-glycosylation appears to be 

truncated, and this results in the Tn antigen (GalNAc-Ser/Thr), which is a common tumor 

antigen [28]. The enzymes responsible for O-glycosylation are varied, and hence it is 

difficult to track the enzyme that is being upregulated or downregulated. The mechanisms 

that lead to truncation in O-glycosylation are not well understood. With our glycan node 

analysis, we were able to unravel a novel role of IL-6 and IL-1β in regulating truncation in 

O-glycosylation, a process commonly seen in cancer [33].  

 

Additionally, a common glycan alteration of hepatocellular carcinoma tissues is 

antennary fucosylation [116]. Here we found that IL-6 regulates antennary fucosylation in 

the secreted glycome of hepatocellular carcinoma cells (HepG2 cells). Increased 

antennary fucosylation is also present in blood plasma glycoproteins of hepatocellular 
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carcinoma patients [117]. Our glycan node analysis approach allowed us to show how 

inflammatory cytokines, such IL-6, can cause alterations in antennary fucosylation of 

glycoproteins secreted by hepatocellular carcinoma cells.  

 

Aberrant glycosylation in cancer seems to be under the influence of internal and 

external environmental factors [115]. New methods that allow the quantification of glycan 

structure in cell culture supernatant are required to understand the mechanisms regulating 

the glycan structures of secreted glycoproteins. Numerous studies have focused on 

understanding the mechanisms regulating abnormal glycosylation in cancer cells using 

intact glycan analysis and genetic analysis [29]. For example, using intact glycan analysis, 

Klasic et al. identified DNA hypomethylation as a possible mechanism for regulating 

abnormal glycosylation of blood plasma glycoproteins in HepG2 cells [106], in which the 

MGAT3 gene was suggested to be responsible for glycan changes. MGAT3 or GnT-III 

regulates bisecting GlcNAc in N-glycans [118].  Our glycan node analysis method allowed 

us to identify detail structural changes upon cytokine stimulation and specific tumor 

antigens such as increased N-glycan branching, bisecting GlcNAc, and truncation in O-

glycosylation were identified as single analytical signals. 

 

Additionally, the glycan node analysis procedure allowed us to quantify subtle 

changes in IgG sialylation upon neuraminidase treatment. Therefore, the glycan node 

analysis procedure has the potential to be used in the therapeutic industry as a tool to 

quantify glycosylation changes in antibodies. The advantage of this method over others is 

that specific antibody glycan features, such as mannosylation, terminal galactosylation, 

terminal GlcNAc, α2,3-sialylation, and α2,6-sialylation, can be quantified as single 

analytical signals.  
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2.5 Conclusion 

A glycan linkage analysis procedure that uses GC-MS (glycan “node” analysis) was 

applied for the first time to cell culture supernatant and IgG antibodies to quantify linkage-

related glycan features. Glycan “node” analysis is the process by which pooled glycans 

within complex biological samples are chemically deconstructed in way that facilitates the 

analytical quantification of uniquely linked monosaccharide units (glycan “nodes”). It is 

based on glycan methylation analysis (a.k.a. linkage analysis) that has historically been 

applied to pre-isolated glycans. Thus, when using glycan node analysis, unique glycan 

features within whole biospecimens such as “core fucosylation”, “α2-6-sialylation”, “β1-6-

branching”, “β1-4-branching”, and “bisecting GlcNAc”, are captured as single analytical 

signals by GC-MS. Here we have described the use of this methodology in cell culture 

supernatant for studies of the mechanisms regulating glycan structure of blood plasma 

proteins, and in the analysis of IgG glycans. The effect of IL-6 and IL-1β cytokines on 

secreted hepatocyte protein glycan features was demonstrated; likewise, the impact of 

neuraminidase treatment of IgG was illustrated. For the majority of glycan nodes, the 

assay is consistent and reproducible on a day-to-day basis; because of this, relatively 

subtle shifts in the relative abundance of glycan features could be captured using this 

approach.  
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Figure 2.1. Summed extracted ion chromatograms (XICs) for the 17 glycan nodes 
found in HepG2 cell culture media. Raw XIC traces for EMEM media that was never 
exposed to cells are shown in red (i.e., “Blank Media”); raw XIC traces for EMEM media 
exposed to cells then processed by spin filtration (see experimental procedure section) 
are shown in black (i.e., “Cell-Exposed Media”). Retention times listed correspond to the 
XIC peak apex.   

 
 

 

 



  51 

 

 

Figure 2.2. IL-6 regulates glycosyltransferase GnT-V expression in HepG2 cells. 
Cells were grown in media containing 10% FBS for 3 days until 70% confluence then 
washed to remove FBS (See experimental section) and incubated with 3 ml of FBS-free 
media containing 50 ng/ml IL-6. Media was collected and replaced with fresh IL-6-
containing media every 24 h for a total cytokine exposure period of 48 h, as previously 
done by Mackievicz et al. [43]. Control cells were cultured in the same way but in the 
absence of added cytokine. A). Extracted ion chromatogram at m/z 189.1 show a 
significant decrease in 2-linked mannose (2-Man), and a significant increase in 2,4-linked 
mannose (2,4-Man) and 2,6-linked mannose (2,6-Man) as determined by glycan node 
analysis. B). Extracted ion chromatograms corresponding to each glycan node shown in 
A were normalized to the summed area of all hexoses. C). Qualitative Western blot data 
showing and increase in GnT-V enzyme in HepG2 cells upon IL-6 stimulation. D). 
Quantitative summary of illustrative data shown in C showing each band normalized to 
GAPDH protein control. Error bars represent standard deviation. * Indicates statistically 
significant differences between control and IL-6-treated cells ( p < 0.001). Statistical 
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significance determined using multiple t-tests with the Holm–Sidak method for multiple 
comparisons correction for part B, and for part D a two-tailed t-test was performed using 
GraphPad v8.2.  

 

 
Figure 2.3. Complete glycan node profile in HepG2 cell culture supernatant with 
different cytokine stimulation. Cells were grown in media containing 10% FBS for 3 
days until 70% confluence then washed to remove FBS and incubated with 3 ml of FBS-
free media containing 50 ng/ml IL-6 (a and b) or IL-1β (d and c). Media was collected and 
replaced with fresh cytokine-containing media every 24 h for a total cytokine exposure 
period of 48 h, as previously done by Mackievicz et al. [43]. Control cells were cultured in 
the same way but in the absence of added cytokine. Extracted ion chromatograms 
corresponding to each glycan node were normalized to the summed area of all hexoses 
(a and c) or HexNAcs (b and d) (as appropriate per that particular glycan node). Error bars 
represent standard deviation. * Indicates statistically significant differences between 
control and cytokine-treated cells ( p < 0.001). Statistical significance determined using 
multiple t-tests with the Holm–Sidak method for multiple comparisons correction 
(GraphPad v8.2).  
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Figure 2.4. Glycan node analysis of IgG Antibodies. Glycan nodes from rabbit anti-
alpha-1 antitrypsin IgG (A and B) before and after treatment of the antibody with 
neuraminidase enzyme.  Rabbit anti-alpha-1 antitrypsin IgG (A and B) were treated with 
0.1 milliunits/ml of neuraminidase enzyme.  Significant decreases in 6-linked and 3-linked 
galactose were observed along with an increase in terminal galactose (t-Gal), indicating 
an overall decrease in terminal neuraminic acid residues. Error bars represent standard 
deviation. * Indicates statistically significant differences between untreated and 
neuraminidase-treated antibody ( p < 0.001). Statistical significance determined using 
multiple t-tests with the Holm–Sidak method for multiple comparisons correction 
(GraphPad v8.2).  
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aHepG2 cells were seeded in T75 flasks, and they were grown for 3 days in FBS medium 
until 70 % confluency and then with serum free medium for 48 hours. Serum free medium 
was collected from across all flasks, centrifuged at 1000 g for 5 minutes, and supernatant 
was stored in a single container (bulk sample) at -80 oC. Serum free medium was 
concentrated 30-fold by spin filtration and analyzed by glycan methylation analysis on 
three different days (6 replicates per day from the same bulk sample).  

bIn general, glycan nodes with the lowest precision (highest % CV values) are those with 
the lowest relative abundance.  

cThese results are consistent with those observed in whole blood plasma/serum [96, 100]. 

dND indicates not detected, but it has been previously detected in other biomatrices [96]. 
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CHAPTER 3 

GLYCAN NODES OF PLASMA AND CELL DERIVED EXTRACELLULAR VESICLES  

3.1 Introduction 

Extracellular vesicles (EVs) are nano-sized particles generated by all cells. EVs mediate 

near and long-distance intercellular communication through transfer of bioactive 

molecules, such as nucleic acids, proteins, lipids, and metabolites, in normal physiological 

processes, and in pathological processes [119]. EVs are divided into two categories; 

ectosomes and exosomes. Ectosomes are vesicles that are released from plasma 

membranes and have a size range of about 50 nm to 1 μm in diameter. Exosomes have 

an endosomal origin since they are released from the exocytosis of multivesicular bodies, 

and they have a size range of about 40 to 160 nm in diameter [119]. EVs carry several 

functions in cell biology, such as cell signaling, immune response balance, cell 

proliferation, angiogenesis, gene transcription and translation regulation, cell migration 

and metastasis [120]. 

 

Recent reports have shown that changes in glycan structures can have an impact 

on EV function in cancer cells, affecting cell communication and the uptake of EVs by 

recipient cells [121].  Therefore, studies involving EVs in biology will also have to focus on 

EV glycosylation through glycomics approaches to better understand the function of 

glycans in EV biology and their potential for diagnosis and prognosis in cancer. However, 

even though glycomics methods have been widely applied to understand protein 

glycosylation [95], their application to EVs is still limited, and studies on EV glycomics are 

scarce.  
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EVs are present in almost all body fluids, including blood plasma, and they show 

high stability at 4 oC for 24 hours [122]. The clinical utility of EVs in the diagnosis and 

therapy of cancer has been shown [123].  For instance, EVs represent a promising cancer 

serum-based biomarker since they show higher diagnostic accuracy than 

carcinoembryonic antigen (CEA) [124]. Identification of changes in glycosylation on EVs 

can also provide a target for potential diagnosis and therapy for cancer. However, the 

plasma EV glycome has been mostly overlooked, primarily due to technical challenges in 

glycan analysis. Previous studies on the plasma glycome have focused on the N-glycome 

as a promising diagnostic modality for longitudinal monitoring [125, 126]. Additionally, 

some studies have found that certain plasma glycans (beyond N-linked glycans) are 

elevated in cancer patients when compared to healthy controls [34, 35, 97]. However, 

outside of a few studies targeting specific EV glycoproteins/proteoglycans or glycolipids 

[127–129], only a single study has assessed glycan expression levels in plasma based on 

association with EVs, and this analysis was limited to N-linked glycosylation [130].  

 

In this study, we first applied the glycan node analysis (GNA) procedure, a 

medium-throughput method for analyzing carbohydrates [96], to quantify differences in 

glycan expression in metastatic and non-metastatic breast cancer cell line-derived EVs. 

We then evaluated the utility of the GNA in healthy donor-matched whole plasma and 

plasma-derived EVs to understand which glycans are expressed in EVs in order to 

improve diagnostic readouts and identification of novel therapeutic targets in plasma-

derived EVs. GNA is a molecularly bottom-up gas chromatography-mass spectrometry 

(GC-MS)-based approach to glycan linkage analysis [96, 100]. This method can be 

applied directly to complex biological matrices, covers all major classes of glycans, and 

condenses and captures unique glycan features, such as core fucosylation, α2-6-
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sialylation, bisecting N-acetylglucosamine (GlcNAc), and β1-6 branching, as single 

analytical signals, some of which serve as direct molecular surrogates for the activity of 

specific glycosyltransferases. Therefore, GNA is often capable of providing unique 

information that may remain undetected with conventional methods [96, 100].  

 

To date, GNA of whole blood plasma or serum from hundreds of patients has 

proven effective at detecting and predicting progression, reoccurrence, and/or survival in 

lung cancer [34, 97]  and bladder cancer [35]. The implementation of an additional EV 

isolation step prior to GNA has the potential to improve the clinical sensitivity and 

specificity of plasma glycan nodes as cancer biomarkers, as tumor-derived EVs play a 

critical role in cancer formation and progression and can be detected in circulation [124].  

 

The present study shows differences in glycan expression in metastatic and non-

metastatic cancer cell-derived EVs specific glycan features, such as hyaluronic acid. Also, 

this study represents the first broad analysis of glycan expression (multiple glycan classes) 

in healthy donor plasma-derived EVs, and it shows the potential to be used for detecting 

specific glycan changes in healthy vs cancer plasma-derived EVs.  

 

3.2 Experimental Procedures  

3.2.1 Materials  

Materials were acquired from the following sources: acetone from Avantor Performance 

Materials (Center Valley, PA, USA); methanol from Honeywell Burdick & Jackson 

(Muskegon, MI, USA); acetonitrile, methylene chloride, pierce spin columns (900 µL 

volume, Cat. No. 69705), GC-MS autosampler vials, Pierce bicinchoninic acid assay 

(BCA) Protein Assay Kit, dimethylsulfoxide (DMSO), iodomethane (99%, Cat. No. I8507), 
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chloroform, trifluoroacetic acid (TFA), ammonium hydroxide, sodium borohydride, acetic 

anhydride, sodium acetate and sodium hydroxide beads (20-40 mesh, Cat. No. 367176) 

from Sigma-Aldrich (St. Louis, MO, USA); GC consumables from Agilent (Santa Clara, 

CA, USA); MS consumables from Waters (Milford, MA, USA).  

 

3.2.2 Collection of Exosomes   

Cell derived EVs and blood plasma derived EVs samples suspended in water were 

obtained from our collaborators at Mayo clinic. They isolated EVs using Izon qEV original 

70 nm SeriesTM size-exclusion chromatography (SEC) columns and followed 

manufacturer instructions. For plasma derived EVs, elution fractions were counted in 0.5 

mL intervals beginning after the void volume of 3 mL had passed through the column. 

Elution fractions seven through nine were pooled for analysis as ‘fraction 1’ (for a total of 

1.5 mL) and elution fractions ten and eleven were pooled for analysis as ‘fraction 2’ (for a 

total of 1.0 mL). These two size exclusion fractions were isolated from each of three 

different blood plasma donors. For GNA this process was repeated for each donor plasma 

sample in quadruplicate (four technical replicates for each fraction).   

 

3.2.3 Glycan Node Analysis of Exosomes  

EV samples suspended in water were concentrated by speed-vac to obtain final protein 

concentrations of 10-25 mg/mL, as measured by a BCA. Whole plasma samples and 

concentrated EV samples were directly subjected to permethylation following addition of 

internal standard as described below: 

Permethylation, nonreductive release, and purification of glycans: Blood plasma or 

concentrated EV samples (10 µL) were added to 1.5 mL snap-cap polypropylene tubes, 

followed by the addition of DMSO (270 µL). Sodium hydroxide beads (~ 0.7 g) were 
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collected in a ~ 1 mL Pierce spin column and washed with acetonitrile (ACN, 350 µL) 

followed by two rinses with DMSO (350 µL). The sample was combined with DMSO (270 

µL) and iodomethane (105 μL) followed by immediate vortexing. The sample was then 

added to the pre-conditioned NaOH beads in the plugged microfuge spin column. The 

sample was allowed to sit in contact with the NaOH beads for 11 minutes with occasional 

gentle stirring. The microfuge spin column was then unplugged and spun into a 2 mL 

sample collection tube for 30 s at 5,000 rpm (1,000 g in a fixed-angle rotor). The collected 

sample solution was quickly transferred into a silanized 13 x 100 mm glass test tube 

containing 0.5 M NaCl in 0.2 M sodium phosphate buffer (pH 7) (3.5 mL). To maximize 

glycan recovery, the NaOH beads were washed twice with ACN (300 µL) with all spun-

through liquid immediately transferred into the same silanized glass test tube. Liquid/liquid 

(L/L) extraction was then carried out by adding chloroform (1.2 mL) to each test tube, 

which was then capped and shaken well. After brief centrifugation to separate the layers, 

the upper aqueous layer was discarded and replaced with 0.5 M NaCl solution in 0.2 M 

sodium phosphate buffer (pH 7) (3.5 mL). After three L/L extraction rounds, the chloroform 

layer was recovered and dried under a gentle stream of nitrogen in a heater block set to 

74 °C. 

 

Hydrolysis, reduction, and acetylation: To perform acid hydrolysis, 2 M TFA (325 

µL) was added to each sample followed by heating at 121 °C for two hours. Samples were 

then dried under a gentle stream of nitrogen in a heater block set to 74 °C. To reduce the 

sugar aldehydes, freshly made 10 mg/mL sodium borohydride in 1 M ammonium 

hydroxide (475 µL) was added to dissolve each sample, followed by incubation at room 

temperature for one hour. To remove excess borate, methanol (MeOH, 63 µL) was added, 

mixed well and dried under nitrogen, followed by adding 9:1 (v/v) MeOH:acetic acid (125 
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µL) which was dried in like fashion. Samples were then fully dried in a vacuum desiccator 

for 20 minutes. To acetylate hydroxyl groups introduced by the acid hydrolysis step, 

deionized water (18 µL) was added to each test tube to dissolve any precipitates. This 

was followed by addition of acetic anhydride (250 µL) and sonication in a water bath for 

two minutes. Each sample was then incubated for ten minutes at 60 °C, followed by mixing 

with concentrated TFA (230 µL) and incubation again at 60 °C for ten minutes. To clean 

up the sample mixture prior to GC-MS, L/L extraction was performed twice after adding 

dichloromethane (1.8 mL) and deionized water (2 mL) to each sample. The upper aqueous 

layer was discarded each round and the organic layer was then transferred to a silanized 

autosampler vial and dried under nitrogen. Each sample was reconstituted in acetone (90 

µL) and then capped in preparation for injection onto the GC-MS. 

 

GC-MS: Samples were analyzed on an Agilent A7890 gas chromatograph 

equipped with a CTC PAL autosampler (Agilent Technologies, Santa Clara, CA, USA) 

coupled to a Waters GCT (time-of-flight: TOF) mass spectrometer (Milford, MA, USA). For 

each sample, 1 µL of the 120 µL total volume was injected at a split ratio of 20:1 onto a 

hot (280 °C), silanized glass liner (Cat. No. 5183-4647, Agilent Technologies, Santa Clara, 

CA, USA) containing a small plug of silanized glass wool. Volatilized sample components 

were separated on a 30-m DB-5ms GC column using helium as the carrier gas at a 

constant flow rate of 0.8 mL/minute. The GC oven temperature was initially kept at 165 °C 

for 0.5 minutes, then increased to 265 °C at a rate of 10 °C/minute, followed by immediate 

ramping to 325 °C at a rate of 30 °C/minute and finally held at 325 °C for 3 minutes. As 

sample components entered the mass spectrometer, they were subjected to electron 

ionization (70 eV, 250 °C). Positive-ion mode mass spectra from individual TOF pulses 

over a m/z range of 40-800 were summed every 0.1 seconds. The mass spectrometer 
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was tuned and calibrated daily with perfluorotributylamine to ensure reproducible relative 

abundances of electron ionization (EI) ions and mass accuracy within 10 ppm. 

 

Data processing: Summed extracted-ion chromatogram (XIC) peak areas for all 

glycan nodes were integrated with Quanlynx 4.1 software. A list of ions corresponding to 

each glycan node can be found elsewhere. Peak areas were automatically integrated and 

manually verified, then exported to a spreadsheet for further analysis. Individual hexoses 

were normalized to the sum of all endogenous hexoses, and individual N-

acetylhexosamines (HexNAcs) were normalized to the sum of all endogenous HexNAcs. 

This approach provided relative glycan node profiling and therefore direct comparison of 

glycan node profiles between EV and plasma samples. It does not facilitate quantitative 

comparisons between different glycan nodes within the same sample. Notably, terminal 

mannose is not chromatographically or mass spectrally resolved from terminal glucose 

(which is mostly derived from free blood glucose). If specific hexoses or HexNAcs were 

not reported as present, it was because their summed extraction ion chromatogram signal-

to-noise ratio was less than ten. 

 

3.3 Results  

3.3.1 Glycan Nodes of Cancer Cell Derived Exosomes 

Numerous significant differences were observed between EV glycan nodes derived from 

a metastatic breast cancer cell line (brain tropic BR) and those from the parental breast 

cancer cell line (PAR). 3-linked N-acetylglucosamine (3-GlcNAc), 3-linked N-

acetylgalactosamine (3-GalNAc), 3,4-linked galactose (3,4-Gal), 3,6-linked galactose 

(3,6-Gal), and 3-linked galactose (3-Gal) nodes were elevated in brain tropic BR derived 

EVs relative to PAR derived EVs. Out of these elevated glycan nodes, 3-GlcNAc was most 
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strikingly elevated in brain tropic derived EVs compared to PAR derived EVs (Figure 

3.1A). We have observed that 3-GlcNAc node is barely detected by GC-MS in other 

biological samples such as blood plasma [100]. However, as shown here, in EVs, 3-

GlcNAc is highly abundant. 3-GlcNAc is derived primarily from hyaluronic acid [96]. To 

confirm that hyaluronic acid produces 3-GlcNAc, a glycan node analysis procedure was 

performed on a hyaluronic acid standard. GC-MS data on the hyaluronic standard 

revealed the same chromatographic peak with the same underlying mass spectra and 

retention time as 3-GlcNAc observed in EVs (data not shown). Elevated hyaluronic acid 

in EVs derived from cancer cells was also confirmed in the Wolfram lab by ELISA (Data 

not shown). Additionally, the relative abundance of 4-GlcNAc, 4,6-GlcNAc,  2,4-Man, 2,6-

Man, and 6-Gal glycan nodes were elevated in PAR derived EVs compared to brain tropic 

BR derived EVs (Figure 3.1A).  

  

In contrast to breast cancer cell lines, for melanoma cells, 3-GlcNAc node was 

found to be elevated in the parental melanoma cell line (A75)-derived EVs as compared 

to the metastatic melanoma brain tropic (BR)-derived EVs (Figure 3.1B). Whereas, 4-

linked N-acetylglucosamine (4-GlcNAc), 3-GalNAc, an unknown GlcNAc, 4,6-linked N-

acetylglucosamine (4,6-GlcNAc), and 3,6-N-acetylgalactosamine (3,6-GalNAc) were 

significantly increased in the EVs from metastatic melanoma BR relative to parental 

melanoma cell derived EVs (Figure 3.1B). 

 

3.3.2 Glycan Nodes of Plasma Derived Exosomes  

In this study, healthy donor plasma was used as a source material for EVs, and it was 

collected in fractions by size exclusion chromatography (SEC) (See Figure 3.2 and 

section 3.2.2). We then applied the GNA procedure to EVs derived from normal donor 
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blood plasma samples to see if there was a significant difference between the blood 

plasma glycome and EV glycome. There was a lack of statistically significant differences 

in GNA data from four size-exclusion chromatography (SEC) technical replicates from 

each donor, and data were statistically pooled to facilitate comparisons. Numerous 

significant differences were observed between EV glycan node profiles (fraction 1 and 

fraction 2 combined) and those from plasma of the same donor (Figure 3.3). 3-Gal, 3-

GalNAc, and 3,6-GalNAc residues were most strikingly and consistently elevated in EVs 

relative to whole plasma across all donors. The most likely explanation for this 

phenomenon is that there is an increased relative abundance of proteoglycans (i.e., 

glycosaminoglycans/GAGs) in EVs relative to whole plasma. In particular, these specific 

glycan nodes correspond to the unmodified hexoses and HexNAcs present in chondroitin 

sulfate and dermatan sulfate (3-GalNAc) as well as type II keratan sulfate (3-Gal and 3,6-

GalNAc) [131]. Modified hexoses and HexNAc, such as those containing sulfate, 

phosphate or carboxyl groups, are not detected by the method [96]. Significantly elevated 

4-linked xylose (4-Xyl) in EVs of two of the three donors accords well with this assignment, 

as this node serves as the reducing-end sugar attached directly to serine in chondroitin 

sulfate, dermatan sulfate and heparan sulfate GAGs, but is generally not observed in N-, 

O-, or lipid-linked glycans. Likewise, enrichment of branched mannose residues in EVs is 

consistent with increased type I keratan sulfate.   

 

Compared to plasma EVs, whole plasma was relatively enriched in 4-linked 

glucose (4-Glc), 6-linked glucose or mannose (which were indistinguishable by GC-MS; 

6-Glc/6-Man), 3,4-linked N-acetylglucosamine (3,4-GlcNAc), and 3,4-Gal (Figure 3.3). 

The most likely sources of 4-Glc and 6-Glc in plasma are lactose (4-Glc), glycogen 

fragments (4- and 6-Glc) glycosylphosphatidylinositol (GPI)-anchored proteins. 3,4-
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GlcNAc represents antennary fucosylation and 3,4-Gal is most commonly found in 

glycolipids [96].  

 

A lack of statistically significant differences was observed between healthy donor 

EV glycans (Figure 3.4), indicating that the EV glycome profile may be consistent across 

healthy donor plasma. Similarly, a lack of statistically significant differences was observed 

between EV fractions 1 and 2, which held true across all three healthy plasma donors 

(Figure 3.5), demonstrating that these SEC-EV fractions can be pooled for glycan 

expression analysis (which was done in figures 3.2 and 3.3).  

 

3.4 Discussion  

In this study we found that hyaluronic acid or hyaluronan was significantly elevated in 

metastatic breast cancer cell-derived EVs relative to non-metastatic parental breast 

cancer cell-derived EVs. These results suggest that hyaluronic acid could play an 

important role in breast cancer metastasis. Other studies have shown that hyaluronic acid 

is upregulated in cancer, and that its overexpression promotes tumor development [132, 

133]. Additionally, increased expression of hyaluronic acid binding protein 1 has been 

correlated with poor prognosis in breast cancer [134]. Hence hyaluronic acid represents 

an important target for cancer treatment.  

 

On the contrary, in this study we also found that the parental melanoma cancer 

cell-derived EVs had increased levels of hyaluronic acid relative to the metastatic 

melanoma cell-derived EVs. These results appeared to correlate well with what others 

have found. For example, it has been shown that highly aggressive melanoma cell lines 

shed significant amounts of CD44 from the cell surface and secrete its ligand hyaluronic 
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acid [135]. A different study found that reduced CD44 and hyaluronic acid levels on cell 

surfaces were associated with poor prognosis in clinical stage I cutaneous melanoma 

[136]. In both studies, it’s shown how reduced levels of hyaluronic acid on cell surfaces 

enhances the metastatic capacity of melanoma cancer cells. Our glycan node analysis 

results  revealed  that metastatic melanoma cancer cells secrete EVs with lower amounts 

of hyaluronic acid, suggesting a different mechanism by which melanoma cells 

metastasize.  

 

The additional findings from this study indicate that glycan profiles of plasma-

derived EVs are distinct from donor-matched whole plasma (e.g. the former has higher 

relative proteoglycan content), and that EV glycans do not substantially differ among a 

small set of healthy donors. Moreover, this study demonstrates that plasma EV fractions 

from SEC can be pooled for analysis, as glycan expression does not significantly differ 

among fractions. The results also reveal that glycan nodes corresponding to those 

observed in the GAG residues of proteoglycans such as chondroitin sulfate, dermatan 

sulfate, type I keratan sulfate, or type II keratan sulfate are relatively enriched on healthy 

plasma EVs. Chondroitin sulfate-decorated serglycin has previously been observed in 

serum-derived EVs and found to play an important role in tumor-derived EV protein cargo 

loading [128]. Heparan sulfate and chondroitin sulfate-bearing syndecan-1 has been 

identified as a potential plasma EV-based marker of glioma [129]. Future studies, 

however, are necessary to fully elucidate the potential biological roles of the 

aforementioned biomolecules in this context.  

 

The distinct glycan expression profile of EVs compared to whole plasma is 

promising for developing new diagnostic strategies. In particular, GNA of EVs is likely to 
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be an important, cost effective, and time-efficient future method to assess glycan-

dependent health from a simple blood draw, as EVs have been associated with multiple 

disease conditions [137–140]. Additionally, GNA of plasma EVs coupled with follow-up 

targeted studies could provide further understanding of various disease conditions and 

identification of potential therapeutic targets. GNA of plasma EVs may also aid in 

understanding therapeutic mechanisms involved in plasma-based therapies. This study 

represents the first broad analysis of glycan expression in plasma-derived EVs (based on 

all major glycan classes, not just N-glycans), and future studies with more samples will be 

necessary to further assess potential scientific and medical applications. 

 

3.5 Conclusion  

Glycan node analysis (GNA) was applied for the first time to quantify specific glycan 

features in extracellular vesicles (EVs) derived from cancer cell lines and metastatic cells, 

as well as EVs derived from normal blood plasma. The glycan node 3-GlcNAc represented 

hyaluronic acid, and its expression was upregulated in metastatic breast cancer cell-

derived EVs relative to parental breast cancer cell-derived EVs. However, 3-GlcNAc was 

significantly downregulated in the parental melanoma cell-derived EVs relative to the 

metastatic melanoma cells. The 3-GalNAc node was upregulated in both of the metastatic 

cancer cell-derived EVs relative to their parental cancer cell-derived EVs. The 3-GalNAc 

node could come from proteoglycans, but it could also come from O-linked glycans.  

 

EV glycan vs plasma glycan profiles revealed significant differences among the 

glycan nodes. For instance, 3-Gal,  3-GalNAc and 3,6-GalNAc residues were most 

strikingly and consistently elevated in EVs relative to whole plasma across all donors. 

Also, 4-Xyl, an indicator of GAGs/proteoglycans, was significantly elevated in EVs relative 
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to whole plasma. In whole plasma, 4-Glc, 6-Glc/6-Man, which were indistinguishable by 

GC-MS,, 3,4-GlcNAc, and 3,4-Gal were elevated relative to EVs. These results suggest 

that GNA of EVs represents a promising tool for profiling glycans in cancer.  

 

 

 

Figure 3.1. Comparison of EVs from four different cancer cells. Data represent 
extracted ion chromatogram (XIC) peak areas for each hexose or N-acetylhexosamine 
(HexNAc) within each sample that were normalized to the sum of all hexose or HexNAc 
XIC peak areas for that sample. * indicates statistical significance among glycan nodes 
derived from metastatic vs non metastatic cell-derived Evs (p<0.001). Error bars represent 
standard deviation. Statistical significance determined using multiple t-tests and the Holm-
Sidak method for multiple comparison correction in Graphpad.  
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Figure 3.2. Size-exclusion chromatography (SEC). Izon qEV original 70 nm SeriesTM 
size-exclusion chromatography (SEC) columns were used to collect EV fractions from 
500 µL of plasma according to the manufacturer’s instructions. Elution fractions seven 
through nine were pooled for analysis as ‘fraction 1’ (for a total of 1.5 mL) and elution 
fractions ten and eleven were pooled for analysis as ‘fraction 2’ (for a total of 1.0 mL). 
These two size exclusion fractions were isolated from each of three different blood plasma 
donors. For GNA this process was repeated for each donor plasma sample in 
quadruplicate (four technical replicates for each fraction) These data were acquired by the 
Wolfram lab. 
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Figure 3.3. Comparison of EV vs. plasma glycan node profiles from three “normal” 
donors. Data represent extracted ion chromatogram (XIC) peak areas for each hexose or 
N-acetylhexosamine (HexNAc) within each sample that were normalized to the sum of all 
hexose or HexNAc XIC peak areas for that sample. Glycan nodes that were significantly 
different with regard to their relative abundance in EVs vs. plasma are summarized in the 
volcano plots (b,d,f) and depicted as their cartoon representations (defined by the x-axis 
in each bar graph (a,c,e)). For each glycan node, significant differences were determined 
by the Student’s t-test without assuming equal variance between groups. To correct for 
multiple comparisons, the false discovery rate was set at 0.1% according to the two-stage 
step-up procedure of Benjamini, Krieger and Yekutieli. Data represent mean ± s.d. (n = 8 
for EVs and n = 6 for plasma). 
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Figure 3.4. Comparison of EV glycan node expression across donors. Data represent 
XIC peak areas for each hexose or HexNAc within each sample that were normalized to 
the sum of all hexose or HexNAc XIC peak areas for that sample. For each glycan node, 
differences between all pairwise combinations of donors were searched for with t-tests, 
using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli, with Q 
= 0.1% to correct for false discoveries. No significant differences were observed. Data 
represent mean ± s.d. (n = 8). 
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Figure 3.5. Comparison of EV fraction 1 (pooled elution fractions 7-9) and fraction 2 
(pooled elution fractions 10-11) from each donor.  Comparison of EV glycan nodes 
between SEC fractions 1 and 2 for each of three different donors (a-c). Data represent 
XIC peak areas for each hexose or HexNAc within each sample that were normalized to 
the sum of all hexose or HexNAc XIC peak areas for that sample. For each glycan node, 
differences between fractions were searched for with a t-test, using the two-stage linear 
step-up procedure of Benjamini, Krieger, and Yekutieli, with Q = 0.1% to correct for false 
discoveries. No significant differences were observed. Data represent mean ± s.d. (n = 4). 
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CHAPTER 4 

COMPARISON OF PERMETHYLATION METHODS FOR PROFILING GLYCAN 

NODES OF MEMBRANE GLYCOPROTEINS  

4.1 Introduction  

Mammalian cells express a dense and complex array of complex carbohydrate structures 

on their surface, which are usually attached to membrane glycoproteins, glycolipids, and 

proteoglycans. They are all, collectively, referred to as the glycocalyx [141]. Different cell 

types express different sets of glycans, and significant glycosylation changes occur during 

development and cell differentiation [142, 143]. Additionally, glycosylation changes are 

known to occur during malignant transformation [144]. Cancer cells often overexpress 

certain glycan features that allow them to inhibit an immune response or metastasize to 

other organs [144]. For instance, hepatocellular carcinoma cells are known to have 

increased expression of core-α1,6-fucosylated triantennary glycans [116]. Increased 

sialylation and increased N-glycan branching are among other glycan features that 

elevated in cancer cells [76]. The potential of changes in glycan features as clinical 

biomarkers of cancer are now well recognized in clinical medicine. However, translation 

into practice has not been well established because there is a need for new glycan 

analysis technologies that can give reliable and reproducible results [145].  

 

Mass spectrometric methods have been largely used for glycan analysis because 

of their sensitivity and the enormous amount of data that are collected. Derivatization of 

glycans by permethylation is a useful method that is commonly used with mass 

spectrometry for the analysis of glycans [94]. Permethylation often improves sensitivity in 

mass spectrometry and it facilitates determination of glycan composition, including 

linkages, branching points, and monosaccharide identity. Permethylation provides stability 
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to isolated glycan structures and increases volatility of glycans [111]. Methods based on 

glycan permethylation analysis have historically been applied to pre-isolated glycans 

[146]. Over the years there has been a great amount of effort to simplifying permethylation 

procedures for efficient glycan analysis. In 1984, Ciucanu and Kerek introduced a 

permethylation procedure based on the use of powered sodium hydroxide as a base to 

deprotonate hydroxyl groups on carbohydrates, dimethyl sulfoxide (DMSO) as the solvent, 

and iodomethane as the permethylation reagent [147]. However, large quantities of 

sample were needed for this procedure, and it was found to be a hazardous task [148]. 

The Ciucanu procedure was later optimized by different groups that introduced a solid 

phase permethylation procedure based on packing of powered sodium hydroxide in spin 

columns [98, 99, 111], commonly known as solid phase permethylation [112]. This new 

spin column-based procedure helped minimize oxidative degradation and peeling 

reactions, and low quantities of glycans (picomole to femtomole) were needed for analysis, 

which was not previously achieved by the Ciucanu procedure.  

 

In 1991, Anumula and Taylor developed a rather different permethylation 

procedure, which was found to be a rapid and simple method for permethylation at the 

time [148]. This new procedure consisted in the preparation of a gel-like NaOH-DMSO 

reagent for permethylation of carbohydrates. The NaOH-DMSO reagent acted as the base 

to deprotonate hydroxyl groups and generate the alkoxide groups that would react with 

iodomethane to generate the permethylated glycans. The NaOH-DMSO reagent 

preparation consisted in the suspension of methanol with 50% sodium hydroxide at a 2:1 

ratio followed by dilution with DMSO. This mixture is washed several times with DMSO 

and centrifuged to generate a gelatinous precipitate (NaOH-DMSO) that is then 

reconstituted in DMSO and used as the permethylation base [148]. Other researchers 
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have implemented this procedure, and it is commonly used today for the permethylation 

of pre-isolated glycans or isolated glycoproteins in intact glycan analysis [149, 150]. 

However, the Anumula and Taylor procedure has never been applied to whole biological 

specimens.  

 

In 2013, the optimized Ciucanu spin column-based procedure (or solid phase 

permethylation procedure) was adapted by Borges et al and incorporated trifluoroacetic 

acid (TFA) hydrolysis, reduction, and acetylation steps for linkage analysis of 

monosaccharide units (“glycan nodes”) in whole biospecimens by GC-MS [96]. This 

methodology has been applied to blood plasma, and its clinical performance has been 

assessed with regard to its ability to generate glycan nodes that distinguish cancer patient 

plasma from that of healthy matched controls [34, 35, 97]. When using glycan node 

analysis, specific glycan features within whole biospecimens such as “core fucosylation”, 

“α2-6-sialylation”, “β1-6-branching”, β1-4-branching”, antennary fucosylation, and 

bisecting GlcNAc, are captured as single analytical signals by GC-MS [96, 100].  

 

Here we have adapted the Anumula and Taylor procedure [148], which we refer to 

below as the “liquid phase permethylation” procedure, and applied it for the first time for 

profiling glycan nodes in cell lysates and in blood plasma, and compared it to the widely 

used solid phase permethylation procedure that was adapted by Borges et al [100]. We 

found that the liquid phase permethylation procedure offers higher sensitivity for detection 

of glycan nodes in complex cell lysate samples. The permethylation efficiency for the liquid 

phase permethylation method is shown, and it is compared to the permethylation 

efficiency of the solid phase permethylation procedure. Both methods offer ≥99 % percent 

permethylation efficiencies. Analytical reproducibly of both permethylation methods is 
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shown in blood plasma and in HepG2 cell lysates, and it was found that the liquid phase 

permethylation procedure offers better overall precision (%CVs) for some of the glycan 

nodes than the solid phase permethylation procedure.  

 

4.2 Experimental Procedures 

4.2.1 Materials  

HepG2 cells (Cat. No. HB-8065), THP-1 cells (TIB-2020), and Eagle’s Minimum Essential 

Medium (EMEM) (Cat. No. 30-2003) were purchased from ATCC. K562 cells were 

generously provided by Dr. Karen Anderson’s laboratory (School of Life Sciences, Arizona 

State University). Trima residuals (RE202), which are whole blood products collected by 

Trima apheresis that enhance PBMC collection per donor, were purchased from Blood 

Center of the Pacific. Fetal bovine serum (FBS) (Cat. No. FB-11) was purchased from 

Omega Scientific. Sterile 1X PBS pH 7.4 1L (Cat. No. 101642-262) and trypsin 0.25 % 1X 

(Cat. No. 16777-166) were purchased from VWR. Density gradient medium Ficoll-Paque 

(GHC-17-1440-02) was purchased from GE Healthcare. Spin columns (0.9 ml) with plugs 

and polyethylene frits (Cat. No. 69705) were purchased from Thermo Fisher Scientific. 

HEPES (Cat. No. H3375-250G), DMSO (Cat. No. D8418-1L), sodium hydroxide beads 

(Cat. No. 367176-2.5KG), acetonitrile (Cat. No. 539996-1KG), iodomethane (Cat. No. 

I8507-500G), chloroform (Cat. No. 650498-4L), sodium chloride (Cat. No. S7653-1KG ), 

sodium phosphate dibasic (Cat. No. S7907-500G), sodium phosphate monobasic (Cat. 

No. S8282-500G), trifluoroacetic acid (TFA) (Cat. No. 299537-500G), ammonium 

hydroxide (Cat. No. 320145-50ML), glacial acetic acid (Cat. No. 27225-1L-R ), and acetic 

anhydride (Cat. No. 539996-1KG), were purchased from MilliporeSigma. Sodium 

borohydride (Cat. No. 71321-100G) was purchased from Fluka). Methanol (Cat. No. 

A452SK-4) and dichloromethane (Cat. No. D143SK-4) were purchased from Fisher 
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Chemical. GC-MS autosampler vials (Cat. No. 03-377K) were purchased from VWR. 

Teflon-lined pierceable caps, 9mm (Cat. No. C500-51G) were purchased from Thermo 

Fisher Scientific. GC consumables were purchased from Agilent (Santa Clara, Ca), and 

MS consumables were acquired from Waters (Milford, MA).  

 

4.2.2 Cancer Cell culture  

HepG2 cells were cultured in EMEM (ATCC) media supplemented with 10% FBS. K562 

cells were cultured in RPMI media with 10% FBS. THP-1 cells were cultured in RPMI 

media ATCC treated supplemented with 10% FBS.  HepG2, K562, and THP-1 cells were 

cultured in T75 flasks at 37oC in 5% CO2 (daily care and maintenance of these cells were 

done following ATCC guidelines for cell culture).  

 

4.2.3 PBMC Isolation  

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation from Trima Residuals. Trima Residuals or whole blood products were 

diluted by half with 1X PBS supplemented with 2% FBS. Twenty-five milliliters of the 

diluted Trima Residuals were added to 50-ml SepMate tubes containing 14 ml of Ficoll 

Paque density gradient medium. Then tubes containing Trima Residuals in density 

medium were centrifuged at 1200 g for 20 minutes at 15 0C. Then the top layer (which 

contained all the mononuclear cells) was poured off into new conical 50 ml tubes, and it 

was diluted with 25 ml of 1X PBS in 2% FBS. Then the tubes were centrifuged at 330 x g 

for 8 minutes. Supernatant was removed, and the bottom layer was reconstituted in 25 ml 

1X PBS in 2% FBS, then centrifuged at 120 x g for 10 minutes to remove platelets. 

Supernatant was removed, and PBMCs were resuspended in a final volume of 25 ml 1X 
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PBS in 2% FBS. From this stock multiple aliquots were made and stored in the vapor 

phase of liquid nitrogen until they were used for cell lysis, as described below.  

 

4.2.4 Sample Preparation 

Cell lysis: The following cell lysis protocol was modified and adapted from Bio-Rad 

laboratories. HepG2 cells were detached with 3 ml of 0.25% trypsin at 37 oC for 10 

minutes, and trypsin was neutralized with 6 ml of media, then cells were centrifuged at 

200 x g for 3 minutes to remove media. Suspension cells K562 and THP-1 were also 

centrifuged at 200 x g for 3 minutes to remove media. All cell pellets were washed three 

times with 1 X PBS. PBMCs were thawed in a water bath at 37oC, reconstituted in 5 ml of 

serum free X-VIVO 10 media, and centrifuged at 330 x g for 8 minutes to remove FBS and 

washed three times with 1X PBS. All cell pellets were reconstituted in 0.6 ml of lysis buffer 

(5 M NaCl, 1 M Tris-HCl pH 7, and 1% NP-40). Cell lysates were incubated in ice for 20 

minutes with constant mixing with pipette, then centrifuged at 5,000 x g for 10 minutes at 

room temperature to remove cell debris (Bio-Rad laboratories protocol; see: 

https://www.bio-radantibodies.com/western-blot-protocol-cell-lysis-mammalian 

cells.html). Supernatant containing soluble as well as membrane proteins was 

concentrated to a final concentration of about 20 mg/ml using a Speed Vac. Then 

detergent and salts were removed by the methanol/chloroform method.  

 

Methanol/Chloroform Method: cell lysate supernatants were precipitated using the 

methanol/chloroform method to remove detergents and salts from lysates, as previously 

done by Wessel & Flugge [151]. One hundred microliters of cell lysate supernatant at 20 

mg protein/ml was placed into a 1.5 ml Eppendorf tube. To this was added 400 μl of 

methanol, 100 μl of chloroform, and 300 μl of DI water, with vortexing every time a reagent 
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was added. Then samples were centrifuged at 14,000 x g for 1 minute, during which three 

layers formed; a top aqueous layer (polar phase), an interface layer (membrane and 

soluble proteins), and a bottom layer (non-polar phase). The top aqueous layer was 

removed without touching the interface layer and bottom layer. Then 600 μl of methanol 

were added, vortexed, and centrifuged at 17,000 x g for 5 minutes. At this point a white 

precipitate forms at the bottom of the tube and on the walls of the tube, and an organic 

liquid layer is on top. The organic liquid layer was removed completely without disturbing 

the white precipitate. Then the precipitate was completely dried in a Speed Vac for 10 

minutes and solubilized in 40 μl of 8 M urea solution pH 8, this gave a final protein 

concentration of about 40 mg/ml (determined using a BCA assay kit with albumin as the 

standard, as described below). Then 10 μl aliquots were made for glycan node analysis, 

with at least 6 replicates per cell lysate.  

 

BCA Assay: all cell lysate protein concentrations were determined using a BCA 

assay kit with bovine serum albumin (BSA) as the standard. One microliter of cell lysate 

sample was aliquoted and diluted in 79 μl of water. One microliter of 8 M urea was diluted 

in 79 μl of water to use as a solvent blank to subtract any signal caused by the urea from 

that of protein samples. Color reagents and BSA standard were prepared as described in 

assay kit, then added 200 μl of color reagent to 96 well plate. To this were added 25 μl of 

diluted lysate or solvent blank and 25 μl of BSA standard into a separate well. Incubated 

plate for 25 minutes in an oven at 37 oC. Then absorbance was measured at 562 nm. Final 

protein concentrations were determined using the BSA standard curve.  

 

4.2.5 Permethylation Procedures  
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Liquid phase permethylation procedure: the following liquid phase permethylation 

procedure was adapted from Anumula and Taylor [148]. An aqueous 50% (w/v) sodium 

hydroxide solution was freshly prepared using sodium hydroxide beads and water. To 

prepare the permethylation base, 100 μl of the 50% sodium hydroxide solution were 

dissolved in 200 μl of methanol, followed by addition of 4 ml of DMSO. Then 

permethylation base was centrifuged briefly and supernatant discarded. This DMSO wash 

procedure was repeated a total of 6 spin throughs. The gelatinous base was then 

reconstituted in 2 ml of DMSO and gently mixed it (this was used as the “permethylation 

base”). Ten microliters of crude biological sample solution or cell lysate were added to a 

1.5 ml polypropylene test tube, and to this were added 200 μl of DMSO and 230 μl of liquid 

permethylation base, incubated for 4 minutes at room temperature, and immediately 

added 100 μl of iodomethane. Samples were vortexed and incubated for 11 minutes at 

room temperature. Immediately after, samples were transferred to a silanized glass tube 

containing 3.5 ml of 0.2 M sodium phosphate buffer, pH 7 containing 0.5 M NaCl. To this 

was added 1.2 ml of chloroform. L/L extractions were done 3 times with the sodium 

phosphate buffer, saving the chloroform layer every time. Chloroform was dried under a 

nitrogen stream.  

 

Solid phase permethylation procedure: ten microliters of crude biological solution 

or cell lysate were added to a 1.5 ml polypropylene test tube. To this was added 270 μl of 

dimethylsulfoxide (DMSO) and 105 μl of iodomethane. This solution was mixed and added 

to a plugged 1 ml spin column containing sodium hydroxide beads, which were 

preconditioned with acetonitrile and two rinses with DMSO. Samples were gently mixed 

with the sodium hydroxide beads 3 times for 11 minutes. Then columns were unplugged 

and centrifuged at 10000 g for 15 sec to collect sample, leaving any NaOH residues 
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behind. Immediately after, 300 μl of acetonitrile were added to the columns to wash off 

any sample left on the column. Samples were transferred to a silanized glass tube 

containing 3.5 ml of 0.2 M sodium phosphate buffer, pH 7 containing 0.5 M NaCl. To this 

was added 1.2 ml of chloroform. L/L extractions were done 3 times with the sodium 

phosphate buffer, saving the chloroform layer every time. Chloroform was dried under a 

nitrogen stream.  

 

4.2.6 Glycan Linkage Analysis  

Permethylation of glycans (which includes release of O-glycans): Permethylation was 

carried out following either one of the procedures described above.  

 

Hydrolysis, reduction, and acetylation of glycans: After permethylation, 2 M 

Trifluoroacetic acid (TFA) was used to hydrolyze all glycans to single monosaccharide 

units. Hydrolysis was done as follows; 325 μl of the 2 M TFA solution were added to each 

sample, which were tightly capped to prevent evaporation, then samples were heated at 

120o C for 2 hours. Then TFA was removed by drying sample under nitrogen stream. 

Reduction was carried out as follows; 475 μl of 10 mg/ml sodium borohydride in 1 M 

ammonium hydroxide were added to each tube and allowed to react for 1 hour. Sixty three 

microliters of methanol were added to each sample to remove any residual borate, 

followed by 125 μl of 9:1 methanol: acetic acid. Each time samples were dried under 

nitrogen, and a final drying step for 20 minutes in a vacuum desiccator. After drying, 18 μl 

of DI water were added to each sample, followed by 250 μl of acetic anhydride, mixed 

thoroughly, and sonicated for 2 minutes. Samples were incubated at 60o C for 10 minutes, 

followed by addition of 230 μl of TFA, and incubating again at 60oC for 10 minutes. 1.8 ml 

of dichloromethane and 2 ml of DI water were added to each sample. Then L/L extraction 
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was done twice with water, saving the dichloromethane layer. The dichloromethane layer 

was transferred to silanized autosampler vials and dried under nitrogen. Samples were 

reconstituted with 50 μl of acetone and placed on to the GC-MS autosampler rack.  

 

Gas Chromatography-Mass Spectrometry: A gas chromatograph coupled to a time 

of flight mass spectrometer was used. One microliter of the sample was injected in split 

mode (1:10) onto a silanized glass liner held at a temperature of 280oC. Using helium as 

the carrier gas, samples were transferred onto the GC column, which is maintained in an 

oven at an initial temperature of 165 oC, followed by ramping the temperature at 10 oC per 

minute to 265 oC, then ramping at 30 oC per minute to 325 oC and holding for 3 minutes. 

Samples eluting from the column were transferred to a mass spectrometer where they 

were ionized by a beam of 70 eV electrons, and analyzed by TOF.  

 

Data Analysis: Identification of each glycan node was made by comparing 

retention times with data obtained by Borges et al., (29-31) and mass spectra were verified 

through comparison with the mass spectral library of PMAAs at the University of Georgia’s 

Complex Carbohydrate Research Center website 

(https://www.ccrc.uga.edu/databases/index.php#). Each glycan node was quantified by 

integrating extracted ion chromatogram peak using QuanLynx software. Integrated peaks 

were exported to an Excel spreadsheet to normalize the area of each glycan node by 

dividing each individual hexose glycan node by the sum of all hexoses, and each individual 

HexNAc glycan node by the sum of all HexNAcs. Normalized values were exported to 

GraphPad to calculate significant differences between cell lines using the two-stage linear 

set up procedure of Benjamini, Krieger and Yekutieli, with Q = 1 %.  
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Permethylation efficiencies: Permethylation efficiencies for each glycan standard 

were calculated as previously done by Hu and Borges, using as much of the ion current 

for each PMAA as possible. Low abundance ions from each PMAA were only omitted 

when it was necessary to do so to prevent signal interferences. The summed XIC peak 

area of the glycan node representing the fully permethylated form was divided by this 

same value plus the sum of areas of all the undermethylated fractions. For example, the 

area of t-GalNAc, representing the fully permethylated HexNAc, was divided by this same 

area plus the sum of all of its undermethylated forms, such as 3-GalNAc, 4-GalNAc, 6-

GalNAc, and 3,6-GalNAc.  

 

4.3 Results  

4.3.1 Optimization of Permethylation Reagent Volumes for the Liquid Phase 

Permethylation Procedure  

The optimal total volume of water in the original sample was assessed to identify 

permethylation efficiencies in the liquid phase permethylation procedure. The volumes of 

iodomethane and DMSO were held constant, and sample-water volume on permethylation 

efficiencies were investigated at total water volumes of 10 μl, 20 μl, and 30 μl. It was 

observed that at aqueous volumes greater than 40 μl, the permethylation solution 

precipitated. The glycan standard 2-Acetamido-2-deoxy-D-lactose (Gal-4-GlcNAc, a.k.a. 

N-acetylactosamine or LacNAc) was used to assess permethylation efficiency. Five 

micrograms of LacNAc were reconstituted into the volumes of water described above (n 

= 6 each), and samples were processed by liquid phase permethylation, followed by 

hydrolysis, reduction, and acetylation steps. As shown in Figure 4.1, permethylation 

efficiencies decrease as water volume increases. For samples with 10 μl total volume, 

approximately 1.4% of hexose and 0.2% of HexNAc residues were undermethylated. 
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However, for samples with a total volume greater than 10 μl, the undermethylated fractions 

were significantly higher. Therefore, 10 μl total original sample volume was determined to 

be the optimal volume to use for subsequent experiments.  

 

4.3.2 Permethylation Efficiency of the Liquid Phase Permethylation Procedure 

Compared to the Solid Phase Permethylation Method.  

The permethylation efficiency of the LP procedure was validated by comparing it with the 

spin column permethylation procedure, which was developed by Kang et al [98], Goetz et 

al [99], and further adapted and modified by Borges et al [96]. LacNAc and 3-O-(2-

acetamido-2-deoxy-β-D-galactopyranosyl)-D-galactopyranose (GalNAc-3-Gal) were used 

as the glycan standards to determine permethylation efficiencies. Five micrograms of each 

glycan standard were processed with each permethylation procedure in parallel. Then with 

all samples in the same batch, hydrolysis, reduction, and acetylation steps were 

performed. Permethylation efficiencies were calculated as described in the experimental 

procedures section. Results were evaluated with individual two tailed t-tests. Results 

showed that both permethylation methods have similar permethylation efficiencies. For 

instance, for HexNAcs, the undermethylation fraction by the liquid phase permethylation 

procedure was 0.19 % for 4-GlcNAc and 0.24 % for t-GalNAc. With the solid phase 

permethylation procedure was 0.25 % for 4-GlcNAc and 0.26 % for t-GalNAc. For 

hexoses, the undermethylation factions with both methods were about 1%. (Figure 4.2A, 

B, C, & D). As shown here, both methods give ≥99% permethylation efficiencies for both 

hexoses and HexNAcs. We then evaluated the yield ratio of HexNAcs to hexoses by 

comparing the ratio of peak areas of HexNAcs and hexose residues. As with the 

assessment of permethylation efficiencies, peak areas were obtained using the extracted 

ion chromatograms (XICs) of hexose and HexNAc used by Hu & Borges [112]. Results 
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showed that both permethylation methods give similar relative yields of HexNAcs 

residues, as shown by the HexNAc/hexose ratios (Figure 4.2E & F).  

 

4.3.3 Application and Improvement of the Liquid Phase Permethylation Procedure 

to Membrane Glycoproteins  

HepG2, THP-1, K562, and PBMC cell pellets were washed three times with 1X PBS to 

remove any FBS related proteins. Then cell lysis was performed as described in 

experimental procedure section. Because we observed that detergents and salts can 

negatively interfere with permethylation procedures giving low overall yield/signal, lysis 

buffer and detergent were removed from each cell lysate by precipitation using the 

methanol/chloroform method (see experimental procedure section). Precipitates 

containing membrane glycoproteins and soluble glycoproteins were solubilized in 8 M urea 

pH 8 at a final concentration of 38-43 mg/ml.  The LP and SP permethylation procedures 

were then applied to each cell lysate in parallel, n = 6 for LP and n = 6 for SP, plus two 

blood plasma samples to use as procedural and instrumental quality controls. Ten 

microliters of sample containing the membrane/soluble glycoproteins  were processed by 

either LP or SP permethylation procedure, followed by hydrolysis, reduction, acetylation 

and GC-MS analysis steps. Two blank samples (8 M urea) were analyzed per every batch 

of samples to verify GC-MC signal was coming from biological sample. An example of 

extracted ion chromatograms from biological sample and blank processed by the liquid 

phase approach is shown in Figure 4.3 for membrane glycoproteins/glycolipids derived 

from PBMCs. No significant background was observed for any of the biological matrices 

tested using the two permethylation methods (Figure 4.3). After verifying background and 

signal to noise, data were processed as described in the experimental section, and the 

XIC peak area for each glycan node was normalized to protein concentration. Results 
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showed that the LP permethylation procedure provided stronger overall signals than the 

SP procedure for nearly all cell lysate derived glycan nodes. For every cell derived 

membrane and soluble glycoprotein matrix peak intensities were significantly higher for 

the LP procedure than the SP procedure. For example, the signal for 4-GlcNAc node was 

about 50% higher with the LP procedure than with the SP procedure (Figure 4.4). This 

suggested that better reproducibility might be obtained with the LP procedure than with 

the SP procedure in membrane glycoprotein samples, especially for the glycan nodes with 

the lowest signal to noise. To determine intra- and inter-assay reproducibility in 

membrane/soluble glycoprotein samples using the two methods, six 10-μl aliquots of 

HepG2 cell membrane glycoproteins were processed and analyzed on three different days 

using the two permethylation methods in parallel. One experiment was performed two 

weeks apart. For the LP method, the average intra-assay reproducibility was 5.5%, and 

the average inter-assay reproducibility was 6.9%. For the SP method, average intra-assay 

reproducibility was 7.2 % and average inter-assay reproducibility 12.1 % (See Table 4.1).  

 

Using glycan node analysis with the two different permethylation procedures, we 

found consistently different glycosylation profiles among the membrane and soluble 

glycoproteome in three cancer cell lines and PBMCs. Every cell-derived hexose glycan 

node was normalized to the sum of all hexoses, and every HexNAc was normalized to the 

sum of all HexNAcs. After normalization, glycan nodes were compared across cell lines. 

Statistically significant differences were found in multiple glycan nodes between the three 

cancer cell lines and PBMCs (Figures 4.5 & 4.6). For instance, 4-linked glucose (4-Glc), 

3,4-linked galactose (3,4-Gal), 4,6-linked glucose (4,6-Glc), and 4-GlcNAc residues were 

most strikingly elevated in THP-1, K562, and PBMC cells relative to HepG2 cells (Figures 

4.5 & 4.6). On the other hand, the relative abundance of terminal fucosylation (t-fuc), 2-
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linked mannose (2-Man), α2,6-sialylation (6-Gal),  β1,6-branching (2,6-Man), β1,4-

branching (2,4-Man), 3,6-linked mannose (3,6-Man), and 3,4-GlcNAc were found to be 

elevated in HepG2 cells relative to K562 cells, THP-1 cells, and PBMCs (Figures 4.5 & 

4.6). Additionally, the relative abundance of 4-Glc, 3,4-Gal, and 4,6-Glc were significantly 

elevated in THP-1 cells and K562 cells relative to PBMCs (Figures 4.5 & 4.6).  

  

Using glycan node analysis, we identified an unknown hexose residue that is 

present in membrane glycoproteins derived from cells. This unknown hexose residue has 

a retention time of 7.31 min (Figure 4.7 A & B), and a mass spectrum that is similar to the 

mass spectra of 3,4,6-Man, which had a retention time of 7.26 min. These similarities in 

retention time and mass spectra strongly suggest that the unknown hexose is 3,4,6-linked 

and is therefore mostly likely 3,4,6-Gal or 3,4,6-Glc. Besides possible undermethylation, 

the origins of these nodes are unclear. Notably, the 3,4,6-Man node was barely detectable 

by GC-MS in HepG2 cells, PBMCs,  and THP-1 cells, and the %CV for this particular 

glycan node was not acceptable (>20%).  

 

It was found that for cell lines that had similar glycan profiles or for which the 

differences between glycan nodes were not strikingly different, the permethylation 

methods varied in their results only for certain hexoses. For instance, it was found that 

3,4-Gal and the unknown hexose were elevated in THP-1 cells relative to K562 cells using 

the SP method. However, the LP method suggested that there was not a significant 

difference between these glycan nodes (Figures 4.5 & 4.6).  The differences in results for 

these particular glycan nodes between the two methods might be because of the different 

ratios among 3-Gal, 3,4-Gal, 6-Gal, and unknown hexose to 3,4,6-Man in the two methods 

(Figure 4.7). For example, it was found that the signal for 3,4-Gal was similar to the signal 
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for 3-Gal in K562 cell derived membrane glycoprotein using the solid phase 

permethylation method. However, the signal of 3,4-Gal was higher than the signal for 3-

Gal using the liquid phase method. The signal for 3-Gal was about the same as the signal 

for the unknown hexose using the liquid phase approach. However, the signal for 3-Gal 

was higher than the signal for the unknown hexose, using the solid phase approach (see 

Figure 4.7 A & B). Even though the overall yield/signal obtained from these glycan nodes 

are significantly higher using the liquid phase approach than the solid phase, their ratios 

differed. The explanation for these differing ratios is not immediately clear, but it may have 

something to do with variability in the solubility of different glycopolymers (from which 

these nodes are derived) in the two different permethylation mediums. Notably, 3,4-Gal 

and the unknown hexose have the worst precision in both methods (Table 4.1) and are 

unacceptable (>20%) for the solid-phase permethylation procedure applied to this 

biomatrix—suggesting that significant differences in these nodes revealed by the solid 

phase method may be false discoveries. Importantly however, with the exception of these 

glycan nodes, the ratio for all the other glycan nodes was similar among the two methods.  

Notably, it was interesting to see that both permethylation methods produced the same 

results for all HexNAcs. For example, both permethylation methods revealed that 3,4-

GlcNAc is elevated in THP-1 cells relative to K562 cells (Figures 4.5 & 4.6).  

 

4.3.4 Application of the Liquid Phase Permethylation Approach to Human Blood 

Plasma  

The solid phase (SP) permethylation procedure has been previously applied to quantify 

glycan nodes in whole blood plasma, with potential clinical implications in cancer [34, 35, 

97], and the reproducibility of the SP procedure has already been established [100]. To 

determine the reproducibility of the liquid phase (LP) procedure as applied to EDTA blood 
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plasma, 10 μl aliquots of an EDTA blood plasma sample from an individual donor were 

processed by LP procedure, followed by hydrolysis, reduction, acetylation, and analysis 

by GC-MS. Six 10 μl blood plasma aliquots were processed and analyzed on three 

different days to determine reproducibility. Table 4.2 shows the % CVs for all glycan nodes 

that contribute to more than 1% of the total hexose or HexNAc signal with the LP method 

and the SP method. For the LP method, the average %CV for all glycan nodes per day 

(intra-assay reproducibility) was 5.6 %, and for all three days (inter-assay reproducibility) 

was 7.5 %. For the SP method, average intra-assay reproducibility was 5.9 % and average 

inter-assay reproducibility 8.2 % (See Table 4.2). Notably, of the 16 glycan nodes detected 

in plasma samples, all of them had intra- and inter-assay reproducibility of less than 20 % 

with both methods. The glycan nodes with %CVs greater than 10% are the ones with lower 

signal to noise ratios. 

 

4.4 Discussion  

Glycan structures of membrane glycoproteins have been assumed to vary between cell 

types and in cancer [152]. Glycan analysis provides a basis for investigating the function 

of glycans in tumor development [153]. However, glycan analysis remains challenging, 

and there is a need for new glycomics methods that can provide reliable and reproducible 

results. Although there are various methods for intact glycan analysis in cell culture cell 

lines such as liquid chromatography mass spectrometry (LC-MS) [154], MALDI 

technologies [155], and glycan microarrays [156], up to this day no one has employed a 

GC-MS methodology to study the membrane glycome. Here we have applied for the first 

time a GC-MS glycan linkage methodology (glycan node analysis) to profile specific glycan 

features in cancer cell lines and in PBMCs. Two different permethylation procedures were 

used for glycan node analysis; a solid phase permethylation procedure and a liquid phase 
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permethylation procedure. This is the first time a liquid phase permethylation procedure 

has been applied to whole, complex biospecimens. Anumula & Taylor developed this 

procedure in 1992, which they refer to as the NaOH/DMSO and iodomethane suspension 

for permethylation of carbohydrates. They implemented this procedure with pre-isolated 

glycoproteins, such as ovalbumin and fetuin. However, up to this day no one has 

implemented this procedure to whole biospecimens using GC-MS methodologies. We 

found that this liquid phase approach makes the glycan node analysis procedure 

easier/more streamlined for higher sample throughput, and it gives better overall 

yield/signal than the conventional solid phase approach.  Both permethylation procedures 

were found to be consistent and reproducible for most of the glycan nodes observed in 

cell lysates. Moreover, in this study, a new important biological matrix was analyzed by 

glycan node analysis that provides access to the glycans of membrane glycoproteins and 

glycolipids, and significant differences in glycan nodes were found among four different 

cell types. Specific tumor antigens were found to be elevated in hepatocellular carcinoma 

cells (HepG2 cells) relative to other cancer cell lines and PBMCs. For example, 3,4-

GlcNAc was found to be consistently elevated in HepG2 cells relative to THP-1 cells, K562 

cells, and PBMCs. 3,4-GlcNAc represents antennary fucosylation, and this particular 

glycan feature has been found to be elevated in hepatocellular carcinoma patients by other 

groups and using different methods [116]. Additionally, our glycan node analysis results 

revealed that HepG2 cells have elevated β1,6-branching (2,6-Man), β1,4-branching (2,4-

Man) relative to PBMCs, THP-1 cells, and K562 cells. These features are indicative of 

increased N-glycan branching, which is another documented unique glycan feature in the 

tissue of hepatocellular carcinoma patients [157]. While this study didn’t compare primary 

cells to cancer cells of the same tissue, these results suggest that glycan node analysis 
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can be used to identify particular glycan features that are commonly found elevated in 

cancer cells relative to normal cells.  

 

 Glycolipids constitute a major portion of glycans in membrane glycoproteins [11]. 

Our glycan node analysis method allowed us to capture specific glycan features that 

correspond to glycolipids. For example, 4-Glc, and 3,4-Gal glycan nodes are found 

predominately on glycolipids. Results revealed that these glycan nodes are elevated in 

THP-1 cells and K562 cells relative to primary PBMCs. Other studies have observed 

dysregulated expression of glycolipids in different types of cancer cells that promote tumor 

development [158]. Among the many forms of glycolipids, changes in the expression of 

gangliosides, which are heavily sialylated and ubiquitously distributed on membrane 

proteins, have been observed in cell proliferation, differentiation, and tumor development 

[159]. Therefore, the clinical utility of glycolipids as biomarkers of cancer has been 

suggested, and glycan node analysis shows the potential to be a valuable tool to identify 

certain dysregulated lipid glycosylation changes in cancer.  

  

Additionally, as compared to other biological matrices that have been studied using 

glycan node analysis, the 4,6-Glc node was detected in the four cell matrices. 4,6-Glc 

represents glycogen, and it was found to be elevated in in THP-1 cells and K562 cells 

relative to primary PBMCs. Studies have found that cancer cells are metabolically 

stressed, and that increased accumulation of glycogen is important for maintenance  of 

ATP levels during bioenergetic stress [160].   

 

4.5 Conclusion  
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Glycan node analysis is a process by which pooled glycans within complex biological 

samples are chemically deconstructed in a way that facilitates the analytical quantification 

of uniquely linked monosaccharide units (“glycan nodes”). Using this approach, we 

implemented a liquid phase permethylation procedure to perform glycan node analysis. 

Liquid phase permethylation procedure was applied for the first time to whole, complex 

biospecimens, such as blood plasma and membrane glycoproteins. In this study, a new 

important biological matrix was analyzed by glycan node analysis that provides access to 

the glycans of membrane glycoproteins and glycolipids, and we demonstrated that 

glycosylation profiling of membrane glycoproteins and membrane glycolipids by glycan 

node analysis and GC-MS is sufficiently reproducible and consistent. The liquid phase 

permethylation procedure was compared to our conventional solid phase permethylation 

procedure, and we found that by avoiding the use of expensive spin columns that are 

commonly used in solid phase permethylation, the liquid phase approach makes the 

glycan node analysis procedure easier/more streamlined and cheaper for higher sample 

throughput than the solid phase approach. It was also found that the liquid phase approach 

gives better overall yield/signal and better precision (%CVs) for some of the glycan nodes 

derived from membrane glycoproteins/glycolipids than our usual solid phase approach. 

Both permethylation methods revealed several differences in glycan nodes among the 

three cancer cells studied and among the PBMCs. Particularly, specific glycan features 

such as antennary fucosylation, N-glycan branching, and α2,6-sialylation were found to 

be particularly elevated in hepatocellular carcinoma cells relative to the other two cancer 

cells and PBMCs. The relative abundance of 4-Glc, 3,4-Gal, and 4,6-Glc were found to be 

elevated in THP-1 cells and K562 cells, but in HepG2 cells and PBMCs, the relative 

abundance of these glycan nodes was significantly downregulated, especially for HepG2 

cells.  
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Figure 4.1. Effect of aqueous sample volume on permethylation efficiency using 
glycan standard Gal-4-GlcNAc. A) Distribution of the undermethylated fraction for t-Gal. 
B) Distribution of undermethylated fraction for 4-GlcNAc. N = 5 for each volume. 
Undermethylation for each linkage-based monosaccharide was calculated as described 
in methods section. * Indicates statically significant differences in the degree of 
undermethylation at the tested volumes (p<0.001). Statistical significance determined 
using one-way ANOVA with Turkey posthoc test. n = 5 per group. Error bars represent 
standard deviation. 
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Figure 4.2. Permethylation efficiencies of solid phase (SP) and liquid phase (LP) 
permethylation procedures compared. A) Undermethylated fractions for t-Gal from 
Galactopyranosyl-β-1,4-N-acetyl-D-glucosamine (Gal-4-GlcNAc or LacNAc). B) 
Undermethylated fraction for 4-GlcNAc from Gal-4-GlcNAc. C) Undermethylated fraction 
for 3-Gal from 3-O-(2-acetamido-2-deoxy-b-D-galactopyranosyl)-D-galactopyranose 
(GalNAc-3Gal). D) Undermethylated fraction for t-GalNAc from GalNAc-3-Gal. E) The 
ratios of the peak areas under the summed extracted ion chromatograms (XICs) of 
HexNAc to hexose were compared for both glycan standards. Both permethylation 
procedures showed highly similar permethylation efficiencies (≥99 %). Statistical 
significance determined using a two-tailed t-test. ns indicates no statistically significant 
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difference. * indicates a statistically significant difference (p<0.001). N = 6 per group. Error 
bars represent standard deviation. 

 
Figure 4.3. Summed extracted ion chromatograms (XICs) for the 20 glycan nodes 
found in “normal” donor PBMC cell membrane glycoproteins using the liquid phase 
permethylation procedure. Raw XIC traces for 8 M urea blank samples that were 
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processed by glycan node analysis using the liquid phase approach are shown in red (i.e., 
“8 M urea”); raw XIC traces for glycan nodes derived from membrane/soluble glycoprotein 
processed by the liquid phase approach (see experimental procedure section) are shown 
in black (i.e., “Membrane/soluble glycoprotein”). Retention times listed correspond to the 
XIC peak apex.  For XIC traces, a mass window of ± 0.15 Da is taken around the indicated 
m/z value. 

 

 
Figure 4.4. Improved total signals obtained from the liquid phase procedure  
Detergents were removed from each cell lysate using the methanol/chloroform method, 
and precipitates were reconstituted in 8 M urea pH 8, as described in the experimental 
procedure section. Data represent extracted ion chromatogram (XIC) peak areas for each 
hexose or N-acetylhexosamine (HexNAc) within each sample. The analytical signal for 
each glycan node was compared for the two methods using peak areas. Extracted ion 
chromatogram peak areas corresponding to each glycan node were normalized to total 
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amount of protein used for glycan node analysis in A) HepG2 cells B) THP-1 cells, C) 
K562 cells, and D) Peripheral blood mononuclear cells (PBMCs). The peak areas were 
generally much higher with the liquid phase permethylation procedure than with the solid 
phase permethylation procedure for each biological cell matrix. Statistical significance 
determined using multiple tests with the Holm–Sidak method for multiple comparisons 
correction (GraphPad v8.2). * indicates a statistically significant difference (p<0.001). N = 
6 per group. Error bars represent standard deviation. 

 
 

 
Figure 4.5. Comparison of glycan node profile from three cancer cells and “normal” 
donor PBMCs using the solid phase permethylation procedure. Data represent 
extracted ion chromatogram (XIC) peak areas for each hexose or HexNAc within each 
sample. Extracted ion chromatogram peak areas corresponding to each glycan node were 
normalized to the summed area of all hexoses or HexNAcs (as appropriate per that 
particular glycan node). Error bars represent standard deviation. * Indicates statistically 
significant differences between cells ( p < 0.001). Statistical significance determined using 
multiple one-way ANOVAs with Tukey test (GraphPad v8.2). 

 
 
 



  97 

 

 
Figure 4.6. Comparison of glycan node profile from three cancer cells and “normal” 
donor PBMCs using the liquid phase permethylation procedure. Data represent 
extracted ion chromatogram (XIC) peak areas for each hexose or HexNAc within each 
sample. Extracted ion chromatogram peak areas corresponding to each glycan node were 
normalized to the summed area of all hexoses or HexNAcs (as appropriate per that 
particular glycan node). Error bars represent standard deviation. * Indicates statistically 
significant differences between cells ( p < 0.001). Statistical significance determined using 
multiple one-way ANOVAs with Tukey test (GraphPad v8.2). 
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Figure 4.7. Extracted ion chromatograms (XICs) of glycan nodes derived from K562 
cells showing different ratios among glycan nodes in the two methods. A & B show 
XIC at m/z 117.05 using the liquid phase permethylation procedure (A) or the solid phase 
permethylation procedure (B). The grey horizontal line is used to show the different ratios 
among glycan nodes in each method. The 3-Gal node was selected as a reference point 
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to check for undermethylation of 3-Gal in the two methods. The overall signal/yield is 
higher using the liquid phase approach for the eight glycan nodes shown.  

 

 
a%CV of total hexose or total HexNAc-normalized individual glycan nodes in HepG2 
membrane glycoproteins. All glycan nodes contributing at least 1% of the total hexose or 
HexNAc signal are listed. Data were acquired on three different days using the liquid 
phase (LP) permethylation procedure (n = 6 per day) or the solid phase permethylation 
procedure (n = 6 per day).  

bThe F-test was used to compare inter-assay precision between the two methods for each 
glycan node. To correct for multiple comparisons the Bonferroni correction was used 
(0.05/n where n = 19). * Indicates statistically significance (p < 0.003).  
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a%CV of total hexose or total HexNAc-normalized individual glycan nodes in blood plasma. 
All glycan nodes contributing at least 1% of the total hexose or HexNAc signal are listed. 
Data were acquired on three different days using the liquid phase (LP) permethylation 
procedure (n = 6 per day) or the solid phase permethylation procedure (n = 6 per day).  

bThe F-test was used to compare inter-assay precision between the two methods for each 
glycan node. To correct for multiple comparisons, the Bonferroni correction was used, in 
which a significant difference p must be < 0.003 (0.05/n where n =19, the number of glycan 
nodes). 
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CHAPTER 5 

ROLE OF BLOOD PLASMA SIALYLATION IN CANCER IMMUNITY AND 

ANTICANCER IMMUNOTHERAPY 

5.1 Introduction  

Among the immunotherapy methods being considered for anticancer therapy, adoptive 

transfer of lymphokine-activated killer (LAK) cells is one of the biotherapy approaches that 

has been translated into clinical studies [64, 161–164]. In vitro culture of peripheral blood 

mononuclear cells (PBMCs) with interleukin-2 (IL-2) for several days results in a 

population of LAK cells with upregulated cytotoxicity against cancer cells and IFN-γ 

production [165]. LAK cells are composed mostly of NK cells (CD3-CD56+) and NKT cells 

(CD3+CD56+), and unlike cytotoxic T cells, LAK cells do not require the major 

histocompatibility complex (MHC) pathway to perform their antitumor activities [166]. This 

feature makes LAK cells an important anticancer biotherapy for those cancer cells that 

lack MHC and can’t be targeted by T cells. The pathway through which LAK cells target 

and kill transformed cells is through the Natural Killer Group 2D (NKG2D) receptor [167].  

The NKG2D receptor is expressed on both NK cells and NKT cells, and it acts as an 

activation signal when it recognizes its ligands on cancer cells [168]. When NK cells and 

NKT cells are activated through the NKG2D receptor, they secrete apoptosis inducing 

effectors that kill the cancer cells. Ligands for NKG2D include MICA, ULBP4, and ULBP1, 

which are implicated in NKG2D mediated recognition of multiple cancers [167, 168].  

  

Several clinical trials have successfully activated and expanded LAK cells using 

IL-2 [64, 66, 161, 166, 169, 170]. When LAK cells were first introduced by Rosenberg et 

al in 1985 [66, 169], eleven of 25 patients showed significant cancer reduction, with one 

showing complete tumor regression. Recent studies have shown that the effectiveness of 
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IL-2/LAK immunotherapy can be improved with locoregional administration, rather than by 

systemic administration of LAKs [170].  However, the cytotoxicity activity of LAK cells is 

ephemeral after they are administered to patients. Studies have shown that LAK cell 

immunotherapy is more effective with the continuous administration of IL-2 [171]. After 

LAK cell administration to patients, LAK cells need to be continuously activated to work. 

IL-2 activates LAK cells, but it can also inhibit them by inducing the expansion of regulatory 

T cells [172]. Moreover, administration of IL-2 can cause adverse effects on patients, such 

as vascular leak syndrome [67]. Additionally, there are inhibitory factors that inhibit the 

antitumor functions of LAK cells such as MHC [173], and sialic acid overexpression on 

cancer cells [71, 72].  

 

Although there are many factors that might be involved in lymphocyte cell 

inhibition, studies suggest that low-density lipoproteins, free cholesterols, and lipids, can 

also affect lymphocyte antitumor functions [89–91, 174, 175]: Low-density lipoprotein 

uptake inhibits the antitumor functions of γδT cells, which express NK receptors that 

determine their antitumor cytotoxicity [90]. Inhibition of cholesterol esterification increases 

CD8+ T cell cytotoxic functions [174]. NK cells with increased intracellular lipid 

accumulation display decreased cytotoxicity effects [89, 175]. Oxidation of low-density 

lipoprotein by polymorphonuclear leukocytes inhibits NK activity [91]. Oxidation and 

desialylation of LDL are two important features in the development of atherosclerosis that 

appear to facilitate the increase of LDL uptake by macrophages [81, 82], smooth muscle 

cells [176], fibroblasts [177], and aorta cells [178]. In vitro studies have shown that 

oxidized-desialylated LDL samples induce an increase in intracellular accumulation of 

triglycerides, free cholesterol, and cholesterol esters in these cells, as compared to native 

LDL samples [178]. In vivo studies suggest that desialylation of LDL appears to be an 
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early event that leads to smaller, denser, more electronegative, and oxidized LDL 

particles, all of which are referred to as multiple modified LDL, which appear to be a 

hallmark of atherosclerosis [78, 80]. Although the link between multiple modified LDL and 

cancer immunity remains unclear, several studies have suggested that increased lipid 

accumulation and increased LDL uptake lead to the impairment of lymphocyte cytotoxic 

functions against cancer cells [179]. However, to our knowledge, there is still no evidence 

on whether multiple modified LDL affects LAK cell antitumor activity.  

 

In this study, we found that the oxidized and/or desialylated forms of LDL modulate 

LAK cell cytotoxicity towards leukemia cells (K562 cells). We found that LAK cells take up 

oxidized-desialylated LDL to a greater extent than native LDL, and it causes them to be 

less cytotoxic against cancer cells. Moreover, oxidized-desialylated LDL uptake drives the 

downregulation of cytotoxicity associated proteins CD56 and NKG2D, as well as 

impairment of IFNγ production.  

 

Oxidized-desialylated LDL becomes abundant under the conditions that foster 

atherosclerosis. Atherosclerosis shares multiple pathways with cancer, and it has been 

suggested that atherosclerosis promotes tumor development [180]. Here we found that 

oxidation and desialylation are two important posttranslational modifications on LDL that 

make it an important inhibitor of LAK cell antitumor activity. Thus, the results presented in 

this chapter provide a link between factors involved in atherosclerosis and the progression 

of cancer.  

 

5.2 Experimental Procedures   

5.2.1 Cell Culture and Cytotoxicity Assay 



  104 

For LAK cell culture and expansion, peripheral blood mononuclear cells (PBMCs) were 

isolated by density gradient centrifugation (Ficoll-Paque-GHC-17-1440-02; GE 

Healthcare) from Trima Residual Apheresis collection kits (RE202-Blood Centers of the 

Pacific). Trima residuals were centrifuged at 1200 g for 20 minutes at 15 0C. Isolated 

PBMCs were cultured in serum free X-VIVO 10 medium with Gentamicin L-Gln and Phenol 

Red (04-380Q; Lonza) for 5 days in the presence of interleukin-2 (IL-2, 589102; 

BioLegend) at 0.1 μg/ml. At day 5, fresh media was added along with fresh IL-2, and LAK 

cell populations were cultured for 72 hours in the presence or absence of native low-

density lipoprotein (LDL, 12-16-120412; 50 μg/ml, Athens Research & Technology) or 

oxidized-desialylated low-density lipoprotein, and LAK cell cytotoxicity was evaluated in 

an in vitro killing assay. Cells were counted via hemocytometer and Trypan blue solution 

(0.4 %). K562 leukemia cells were cultured in RPMI medium supplemented with 10% fetal 

bovine serum (FBS, SER-500, Zen-Bio). For the in vitro killing assays, about 800,000 LAK 

cells were washed three times in 2 ml serum free X-VIVO 10 media and seeded in a V-

bottom 96 well plate. K562 cells were washed two times with 5 ml 1X PBS and stained 

with CFSE green dye (0.25 μmol/L in 1X PBS; Thermo Scientific) for 10 minutes at room 

temperature. Eighty microliters of target K562 cells at 106 cells/ml were added to a V-

bottom 96 well plate containing 100 μl of the LAK cells at a 10:1 effector to target ratio, 

and incubated for 4 hours at 37 0C and 5% CO2. Immediately afterward cells were 

centrifuged at 800 x g for 10 minutes and reconstituted in 700 μl of 1X PBS, and to this 

was added 2 μl of a 1 mg/ml propidium iodide solution (P3566; Thermo Scientific) which 

was incubated for 20 minutes and subsequently analyzed by flow cytometry.  

 

5.2.2 Desialylation of Low-Density Lipoprotein and Glycan Node Analysis 
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In vitro desialylation of native low-density lipoprotein (LDL) was performed by incubating 

50 μl of a 7.11 mg/ml LDL stock with 100 μl of 0.1M sodium acetate buffer pH 5, plus 50 

μl of neuraminidase enzyme from Clostridium perfringens (1 U/ml, 11585886001; SIGMA) 

or 50 μl of water for the control. Total volume was brought up to 250 μl with water, and 

samples were incubated at 37 0C for 24 hours. pH was brought back to 7 with 20 μl of 0.5 

M sodium bicarbonate solution. To remove neuraminidase enzyme, samples were spin 

filtered using Amicon Ultra-0.5 Centrifugal 100 kD spin filter devices (UFC510024; Fisher 

Scientific). Samples were reconstituted in 450 μl of 10 mM HEPES in 0.15 M NaCl pH 7 

buffer each time for a total of 4 spin throughs. To verify complete desialylation of LDL, the 

glycan node analysis method [34, 96, 97, 100, 181, 182] was used. Glycan node analysis 

is a procedure based on glycan methylation analysis by which pooled glycans within whole 

biological samples are deconstructed in a way that conserves their monosaccharide and 

linkage information [96]. For this procedure, 60 μg of LDL were aliquoted, and to this was 

added 270 μl of DMSO and 105 μl of iodomethane. Then samples were added to sodium 

hydroxide beads for 11 minutes to drive permethylation. The rest of the steps for glycan 

linkage analysis of intact, complex biospecimens are described elsewhere [34, 96, 97, 

100, 181, 182]. An increase in the relative abundance of terminal galactose and a near-

complete loss of 6-linked galactose signals (which arise solely due to terminal sialylation 

of glycans) were used to verify desialylation of LDL [96].   

 

5.2.3 Oxidation of Desialylated Low-Density Lipoprotein and TBARS Assay 

A 200 μM copper(II) chloride solution was prepared using acetic acid pH 4.  Desialylated 

LDL and/or native LDL at 1.7 mg/ml was incubated with 10 μM copper(II) chloride 

overnight at 4 0C to generate oxidized-desialylated and/or oxidized only LDL. For the 

control, native LDL was incubated with a blank acetic acid solution pH 4 at 4 oC overnight. 
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Oxidation was verified with the thiobarbituric acid reactive substances (TBARS) assay, as 

described by Aguilar Diaz de leon & Borges [88]. Briefly, to 100 μl of an LDL sample (60 

μg) or calibration standards were added 200 μl of 8.1% sodium dodecyl sulfate, 1.5 ml of 

20 % acetic acid solution adjusted to pH 4 with NaOH, and 1.5 ml of 0.8 % aqueous 

solution of thiobarbituric acid. Final volume was brought up to 4 ml with water. The mixture 

was heated at 95 0C for 1 hour and centrifuged at 1600 g at 4 0C. One hundred fifty 

microliters of supernatant was transferred to a 96 well plate, and the absorbance was 

measured immediately at 532 nm.  

 

5.2.4 Flow-Cytometry Analysis 

For antibody staining, LAK cells and PBMCs were labeled with monoclonal antibodies: 

anti-CD3, anti-CD56, and APC anti-human CD314 (NKG2D) (1D11, BioLegend). The 

percentage of CD3, CD56, and NKG2D positive cells was evaluated by flow cytometry in 

a ThermoFisher Attune NxT flow cytometer and FlowJo software. For LDL uptake 

measurements, 900,000 LAK cells were seeded in a 96 well plate with 225 μl X-VIVO 10 

media and incubated with either native or oxidized-desialylated pHrodo Green LDL 

(L34355, Thermo Scientific) at 10 μg/ml for 1, 2, 8, 16, 32, and 72 hours. LAK cells were 

washed three times with 2 ml serum free X-VIVO 10 media, reconstituted in 700 μl 1X 

PBS, and immediately analyzed by flow cytometry.  

 

5.2.5 Enzyme Linked Immunosorbent Assay (ELISA) of Interferon Gamma (IFNϒ) 

IFNγ was quantitatively measured in undiluted samples of LAK culture supernatant. The 

wells of a high binding flat bottom 96-well plate (Costar, Washington, D.C.) were first 

coated overnight at 4 oC with 100 µl of 1 µg/mL solution of α-Human IFNγ monoclonal 

antibody (Clone 1-D1K, Mabtech, Sweden) diluted in bicarbonate buffer (1 to 100 dilution), 
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pH 9.8. The wells were then washed 5 times with 200 μl PBS-T buffer. Next, 200 µl of 5% 

milk in PBS-T blocking buffer was incubated in each well for 1 hour at room temperature. 

Standards were diluted in PBS-T containing 5% powered milk and ranged from 2 ng/mL 

to 34 pg/mL of recombinant human IFNγ (R&D Systems, Minneapolis, MN). One hundred 

microliters of cell culture supernatants were plated in triplicate at dilutions of 1:10, 1:100, 

and 1:500 in 200 μl PBS-T 5% milk and incubated for 2 hours at room temperature. 

Samples were washed 5 times with 200 μl PBS-T. Biotinylated, secondary α-Human IFNγ 

monoclonal antibody (Clone 7-B6-1, Mabtech, Sweden) was diluted to 1 µg/mL in PBS-T 

containing 5% powered milk and 100 µl was incubated in each well overnight at 4 oC. 

Samples were once again washed 5 times with PBS-T, after which Precision Protein 

StrepTactin-HRP Conjugate (Bio-Rad, Hercules, CA) was diluted 1:250 in PBS-T 

containing 5% powered milk and 100 µl incubated in each well for 30 minutes at room 

temperature. After 5 more washes with PBS-T, 100 µl of TMB substrate (Thermo 

Scientific, Waltham, MA) was added to each well and allowed to incubate until a visible 

gradient developed in the standards, which was about 5 minutes. Subsequently, 100 µl of 

2N sulfuric acid stop solution was added and the plate was read at 450 nm immediately.  

 

5.2.6 Data Analysis  

Statistical analysis was performed using two-way ANOVA with multiple comparison test 

for comparison of experimental groups with cytotoxicity assays, TBARS assays, and flow 

cytometry analysis. For glycan linkage analysis, each uniquely linked monosaccharide 

was quantified by integrating extracted ion chromatogram peak using QuanLynx software. 

Integrated peaks were exported to an Excel spreadsheet. Statistical significance between 

glycan nodes was determined using two-tailed t-tests. Statistical analysis was performed 

using GraphPad.  



  108 

5.3 Results 

5.3.1 Initial Hypothesis 

It is well established that increased sialylation is a mechanism by which cancer cells evade 

an immune response [76], and now days there are sialic acid-based targeting strategies 

for cancer therapy [183]. Increased cell surface sialylation on cancer cells allows the 

inhibition of natural killer cells and Tumor infiltrating lymphocytes by engaging the 

inhibitory Siglec receptors on NK cells or T-cells [184, 185]. By following such well-

established principles on aberrant sialylation in cancer, we hypothesized that increased 

sialylation of blood plasma glycoproteins would also enhance inhibitory Siglec binding, 

causing NK cell and T-cell inhibition. To test this hypothesis, we incubated PBMCs with 

IL-2 overnight to generate NK cells. We then induced in vitro desialylation of human serum 

glycans by incubating human serum with neuraminidase enzyme overnight, removed 

sialidase enzyme with a 100 kD molecular weight (MW) cutoff spin filter, and then 

incubated IL-2 stimulated-PBMCs with the high MW components (>100 kD) of the filtered 

sialylated serum or desialylated serum to see how this affected the cytotoxicity of PBMCs 

against K562 cells in a 4-hour killing assay. However, the results were unexpected; 

desialylation induced a significant inhibition of PBMC cytotoxicity against target cancer 

cells (K562 cells) (Figure 5.1). Hence, there appeared to be a human serum factor, that 

when desialylated, induced a significant inhibition of PBMC cytotoxicity. We knew that this 

desialylated human serum factor that caused PBMC inhibition had to be >100 kDa 

because the desialylated high molecular weight components (>100 kD) of the human 

serum had been incubated with PBMCs overnight. Alpha-2-macroglobulin is a protein with 

a MW greater than 100 kD, however, we had already previously tested the inhibitory 

capacity of this protein in PBMC cytotoxicity. Alpha-2-macroglobulin was deglycosylated 

with PNGase F enzyme. Both native and deglycosylated alpha-2-macroglobulin were 
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incubated with IL-2-stimulated-PBMCs, but glycosylation on alpha-2-macroglobulin had 

no effect on PBMC cytotoxicity (data no shown). Hence we inferred that desialylation of 

alpha-2-macroglobulin would have no effect on PBCM cytotoxicity either. . We then tested 

IgGs. Pre-isolated IgG was desialylated with neuraminidase enzyme overnight. Then, 

neuraminidase enzyme was removed by spin filtration using a 100 kD MW cutoff spin filter, 

then incubated overnight with IL-2 stimulated-PBMCs, and cytotoxicity was evaluated in a 

4-hour killing assay with K562 cells. Even though both native IgG and desialylated IgG 

caused a significant inhibition in PBMC cytotoxicity against K562 cells (data no shown), 

there was no significant difference in cytotoxicity between native IgG and desialylated IgG 

(data no shown). Hence, IgG wasn’t the desialylated factor in human serum that caused 

PBMC inhibition.  At this point it was nearly impossible to test every single protein and 

antibody in human serum. Therefore, first we wanted to know if these phenomena was 

even biologically relevant in human serum. We searched the literature to see if 

desialylation was a biologically relevant feature in biology, and we came across 

“desialylated” low-density lipoprotein (LDL) [80]. Desialylated LDL is a hallmark of 

atherosclerosis because it promotes atherosclerosis [80]. Therefore, we decided to test 

LDL. Pre-isolated LDL was desialylated with neuraminidase enzyme overnight, spin 

filtered with a 100 kD filter device, and incubated with IL-2-stimulated PBMCs overnight. 

Results showed that LDL was a desialylated human serum factor responsible for PBMC 

cytotoxicity inhibition (pilot data not shown).  Therefore, we decided to pursue these 

experiments with LDL further to investigate the role of desialylated LDL in cancer 

immunity. For the following experiments with LDL, we decided to incubate PBMCs with IL-

2 for 5 days instead of 1 day to generate lymphokine activated killer cells. The reason for 

using LAK cells is that LAK cells offered greater cytotoxicity against K562 cells—and 

cytotoxicity assays with LAK cells were more consistent and reproducible. 
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5.3.2 Oxidized-Desialylated LDL Inhibits LAK Cell Cytotoxicity In Vitro.  

This study was initiated by investigating the capacity of desialylated LDL to inhibit LAK cell 

cytotoxicity. For this purpose, PBMCs were activated and expanded in vitro for 8 days in 

the presence of IL-2 to generate lymphokine activated killer (LAK) cells. LAK cells are 

composed of NK cells (CD3-CD56+) and NKT cells (CD3+CD56+). Analysis of IL-2 treated 

PBMCs by flow cytometry revealed an induced population of cells of which about 6% were 

NK cells and another 4% were NKT cells (Figure 5.2). This population of cells, referred to 

as LAK cells, were optimally cytotoxic against K562 cells in a 4-hour killing assay at a 10:1 

effector to target ratio (Figure 5.3). Native LDL was desialylated with neuraminidase 

enzyme and added to the LAK cells at day 5 at 50 μg/ml and incubated for 72 hours. Our 

glycan node analysis procedure [34, 96, 97, 100, 181, 182] was used to verify LDL 

desialylation prior to adding the LDL samples to the LAK cells. An increase in the relative 

abundance of terminal galactose, a decrease in 3-linked galactose, and a near-complete 

loss of 6-linked galactose revealed a major decrease in the number of terminal sialic acid 

residues present on LDL (Figure 5.4). Only a small inhibition of LAK cell cytotoxicity was 

observed every time we performed a K562 killing assay after having exposed the LAK 

cells to desialylated LDL (Figure 5.5). Because previous research has demonstrated that 

desialylation of  LDL appears to be an early event that leads to its oxidation in 

atherosclerosis [83], we induced oxidation of desialylated LDL with Cu(II) ions.  A 

thiobarbituric acid reactive substances (TBARS) assay revealed that Cu(II)-treated native 

and desialylated LDL were approximately 50% more oxidized than their untreated LDL 

counterparts (Figure 5.6). Desialylated and oxidized LDL was then added to the LAK cells 

at 50 μg/ml (5 mg/dL) and incubated for 72 hours to see how LDL with both modifications 

affected the cytotoxicity of LAK cells.  Significant inhibition of LAK cell cytotoxicity was 

observed when LDL was both oxidized and desialylated (Figure 5.5). A lesser degree of 
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inhibition was observed when LAK cells were treated with merely desialylated LDL. 

Oxidation alone did not induce a significant inhibition of LAK cell cytotoxicity (Figure 5.5). 

To ensure that inhibited K562 cell killing was not simply due to loss of LAK cells, LAK cell 

viability was checked by incubating the LAK cells with oxidized-desialylated LDL for 72 

hours and labeling with Sytox Blue. Cell viability was determined using flow cytometry. 

Results revealed that treatment of LAK cells with oxidized-desialylated LDL induced a 

small toxic effect (about 4 %) (Figure 5.7). By comparison, the magnitude of the inhibition 

effect observed in Fig. 1 suggests that the inhibition of K562 cell killing by pre-treating LAK 

cells with oxidized-desialylated LDL is not simply due to the toxicity of oxidized-

desialylated LDL toward LAK cells.   

 

5.3.3 Enhanced Uptake of Oxidized-Desialylated LDL by LAK Cells   

pHrodo Green-labeled LDL was desialylated with neuraminidase enzyme and oxidized 

with 10 μM Cu(II) ions. LAK cells were then incubated with native and oxidized-

desialylated forms of pHrodo green LDL (Figure 5.8). During the first two hours of 

incubation, LAK cells took up native LDL faster than oxidized-desialylated LDL. After 8 

hours of incubation, the uptake of native and oxidized-desialylated LDL was the same, 

with no significant difference. However, after 16, 32, and 72 hours, oxidized-desialylated 

LDL was taken up to a greater extent than native LDL in a time-dependent manner. After 

72 hours, a clear increase in oxidized-desialylated LDL uptake was observed (Figure 

5.8B). Non-significant differences in uptake were observed for oxidized LDL and, 

separately, desialylated LDL compared to native LDL (data not shown).  

 

5.3.4 Oxidized-Desialylated LDL Downregulates the Cytotoxicity Receptors CD56 

and NKG2D 
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LAK cells express the surface markers CD56, CD3, and NKG2D. CD56 and NKG2D are 

cytotoxicity associated receptors expressed on both NK cells and NKT cells, and CD3 is 

an activating receptor expressed on NKT cells and T cells [186]. Because LAK cell anti-

cancer (anti-K562) activity was reduced in the 4-hour killing assay upon LAK cell uptake 

of oxidized-desialylated LDL over a 72-hour period, we tested whether the expression 

levels of these receptors were also affected. After gating all the live cells and plotting them 

against CD3 and NKG2D, a decrease in the proportion of CD56+ cells and CD3+CD56+ 

cells was observed (Figure 5.9A-C). Interestingly, it was observed that as the number of 

CD3-CD56+ cells and CD3+CD56+ cells decreased, the number of CD3+-only cells 

increased (Figure 5.9D). This inverse relationship implies that oxidized-desialylated LDL 

causes LAK cells to differentiate into CD3+-only rather than CD56+ cells, making them less 

cytotoxic against K562 cancer cells. It was also observed that native LDL induced a small 

increase in the number of CD56+ cells, although in the 4-hour killing assay no change in 

cytotoxicity was observed. 

 

Additionally, it was observed that native LDL induced a small increase in the 

expression of NKG2D receptor (Figure 5.10A-C). However, oxidized-desialylated LDL 

downregulated the percentage of CD3-NKG2D+ cells while slightly increasing the 

percentage of CD3+NKG2D+ cells (Figure 5.10A-C). A small increase in the number of 

CD3+ only cells was also observed in the oxidized-desialylated treated samples (Figure 

5.10D).  

 

5.3.5 Oxidized-Desialylated LDL Impairs Interferon Gamma (IFN-γ) Production 

Interferon gamma (IFN-γ) is a pleiotropic cytokine with antitumor functions. IFN-γ is 

secreted by NK cells and NKT cells, and it is often considered the major effector of 
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immunity [187]. Because oxidized-desialylated LDL caused an inhibition of LAK cell 

cytotoxicity and downregulation of the cytotoxicity receptors, we investigated whether 

production of IFN-γ was altered during the process. An ELISA was performed to 

quantitively measure soluble IFN-γ in LAK cell supernatants that had been treated with 

native LDL or oxidized-desialylated LDL. Results showed that oxidized-desialylated LDL 

decreased the production of IFN-γ. Previous research has shown that native LDL 

downregulates the production of IFN-γ in γδT cells [90]—prompting expectations of a 

similar result. Unexpectedly, however, native LDL significantly enhanced the production 

of IFN-γ in LAK cells (Figure 5.11).  

 

5.4 Discussion 

Cancer and atherosclerosis are distinct diseases that share several molecular pathways, 

with some studies suggesting that atherosclerosis can lead to cancer development [180]. 

Characteristic features of both diseases include inflammation, uncontrolled cell 

proliferation, and oxidative stress [188]. Atherosclerosis is characterized by chronic 

inflammation, diabetes, hypertension, dyslipidemia, and obesity, all of which are 

predisposing risk factors for cancer [188]. At the molecular level, inflammation leads to the 

production of inflammatory cytokines, such as IL-6, IL-1β, and TNF, which have been 

associated with cardiovascular disease and several different types of cancer [189]. High 

concentrations of biomarkers for reactive oxygen species such as oxidized LDL and 

myeloperoxidase (MPO), have been found in the blood plasma of cancer patients and 

atherosclerosis patients, and the origin of both diseases is associated with oxidative stress 

[190, 191]. Additionally, it has been found that the metabolism of unstable atherosclerotic 

plaques is similar to that of cancer cells [192].  
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Oxidation and desialylation of low-density lipoprotein are hallmark modifications of 

LDL in atherosclerosis that contribute to the initiation and progression of the disease [80]. 

These modifications are believed to be needed to facilitate increased LDL uptake by 

atherosclerotic cells and cause them to have increased intracellular triglycerides, free 

cholesterol, and cholesterol esters [78, 80]. Although little is known about oxidized-

desialylated LDL in cancer, literature suggests that this type of LDL is involved in tumor 

development [85]. Long term exposure of human vascular smooth muscle cells (hVSMC) 

to chemically oxidized LDL promotes the overexpression of osteopontin, a glycoprotein 

involved in cancer metastasis [193]. Inflammation is a characteristic feature of both 

atherosclerosis and cancer, and studies have shown that oxidized LDL triggers 

inflammation. Macrophages take up oxidized LDL via scavenger receptors which, once 

inside the cell, induce cholesterol crystals that ultimately activate the inflammasome to 

release IL-1β and TNF cytokines, which are mediators of inflammation in both cancer and 

atherosclerosis [194–197].  

 

Although it has been suggested that oxidized-desialylated LDL plays a role in 

cancer development [198], little is known about the role that LDL plays in antitumor 

immunity. It has been previously shown that accumulation of native LDL in γδ T cells leads 

to reduced antitumor function [90]. A different study showed that when LDL becomes 

oxidized by polymorphonuclear lymphocytes, it inhibits NK cell cytotoxicity [91]. However, 

to our knowledge the role of LDL that is both oxidized and desialylated on the cytotoxicity 

of LAK cells has been unknown until now. Oxidation and desialylation are characteristic 

features of LDL in atherosclerosis [80]; the meaning of this in cancer immunity is still not 

well understood. We found that oxidized-desialylated LDL is taken up by LAK cells more 
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extensively than native LDL after 16 hours of incubation, which leads to reduction of LAK 

cell cytotoxicity.  

 

The data presented here showed that the expression of the cytotoxicity-associated 

receptors CD56 and NKG2D, which determine the ability of LAK cells to mediate cancer 

cell lysis [199], was downregulated upon exposure of LAK cells to oxidized-desialylated 

LDL. This occurred in pre-expanded LAK cells that were kept on IL-2 stimulation during 

the incubation with oxidized-desialylated LDL. Thus IL-2 stimulation was not able to 

compensate for the inhibitory effect of oxidized-desialylated LDL. We also found an 

impairment in the production of IFNγ, a pleiotropic cytokine secreted by LAK cells. These 

results, however, differ according to the use of different cytotoxic lymphocytes. For 

instance, a different study found that native LDL can lower the expression of CD56 and 

NKG2D cytotoxicity receptors and IFN-γ in γδT cells [90]. However, we observed the 

opposite in that native LDL induced a small increase in the expression of CD56, NKG2D, 

and IFN-γ in LAK cells. Nevertheless, previous studies and our work show that enhanced 

uptake of LDL by cytotoxic immune cells can impair their antitumor capacity.   

 

Multiple modified LDL has been extensively studied in the context of 

atherosclerosis, and how it can contribute to the development of this disease [79]. 

Although it is unknown how LDL becomes multiply modified in atherosclerosis, our findings 

suggest that the desialylated and oxidized LDL that is produced as a byproduct of 

atherosclerosis may at least partially inhibit the ability of the immune system to effectively 

surveil against cancer cells. Thus, the data presented here suggests at least one particular 

mechanistic link between atherosclerosis and cancer. Future research investigating the 
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link between multiple modified LDL and cancer immunity will help establish additional 

details on the complex connection between these two devastating chronic diseases.  

 

5.5 Conclusion  

LDL is a human serum factor that when it becomes desialylated inhibits LAK cell antitumor 

activity. It was observed that inducing oxidation of LDL along with its desialylation, the 

magnitude of the inhibition effect was much greater. However, the cytotoxicity assays 

showed that oxidization alone is not enough to inhibit LAK cell cytotoxicity since non-

significant inhibition was observed. The reduced cytotoxicity of LAK cells was further 

corroborated by a reduction in the number of CD56+ and Natural Killer Group 2D (NKG2D) 

receptor positive cells, as well as impairment of IFN-γ production. pHrodo Green LDL was 

used to measure the rate at which LAK cells take up both native and oxidized-desialylated 

LDL for a period of 72 hours. It was observed that during the first two hours native LDL is 

taken up faster than oxidized-desialylated LDL. However, after 16, 32 and 72 hours, 

oxidized-desialylated LDL is taken to a significantly greater extent than native LDL. In 

summary, these results suggest that oxidization and desialylation facilitate LDL uptake by 

LAK cells and inhibit their antitumor functions.  
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Figure 5.1. Desialylation of human serum inhibits NK cell cytotoxicity. Human serum 
was heat inactivated by heating at 56 0C for 25 minutes. Heat inactivated human serum 
was incubated with neuraminidase enzyme pH 5 for 24 hours at 37 oC. Then serum was 
filtered using a spin filter with a 100 kDa MW cutoff (“filtered human serum”). The high 
molecular weight components (>100 kD) of the filtered human serum (desialylated and 
sialylated) were incubated with IL-2 overnight induced PBMCs for 24 hours.  ** Indicates 
statically significant differences between groups (p<0.001). Statistical significance 
determined using one-way ANOVA with Turkey posthoc test. n = 4 per group. Error bars 
represent standard deviation.  
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Figure 5.2. LAK cell phenotype.  A) Lymphokine Activated Killer (LAK) cells (right), 
induced by exposure of PBMCs (left) to IL-2 for 8 days are composed of NK cells (CD3-

CD56+) and NKT cells (CD3+ CD56+). B) CD3 and CD56 marker expression on PBMCs 
vs. LAK cells. n = 4 per group. * indicates a statistical significance (p<0.001). Error bars 
represent standard deviation. Statistical significance determined using individual two 
tailed t-tests. 
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Figure 5.3. Cytotoxicity assay effector cell ratio optimization.  Lymphokine Activated 
Killer (LAK) cells were optimally cytotoxic against K562 cells at a 10:1 effector to target 
ratio. PBMCs were incubated with 0.1 μg/ml IL-2 for 8 days to generate LAK cells. K562 
cells were labeled with CFSE green dye and co-incubated with unlabeled LAK cells for 4 
hours at different effector to target ratios. Error bars represent standard deviations. n = 4 
per group. 
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Figure 5.4. In vitro LDL desialylation and glycan node analysis.  A) LDL samples were 
desialylated with neuraminidase enzyme (1 U/ml) in 0.1 M sodium acetate buffer pH 5 at 
37 0C for 24 hours. Representative molecular changes are illustrated. B) Summed 
extracted ion chromatograms at m/z 117.05+ 145.1 for terminal galactose (t-Gal), m/z 
161.1 + 233.1 + 189.1 for 6-linked galactose (6-Gal), and 161.1 + 233.1 for 3-linked 
galactose (3-Gal) show a significant decrease in terminal sialylation, as determined by 
glycan node analysis [34, 96, 97, 100, 181, 182]. C) Quantitative summary of illustrative 
data shown in B that reveal a major increase in terminal galactose residues, a decrease 
in 3-linked galactose residues, and a near-complete loss of 6-linked galactose residues, 
indicating an overall decrease in terminal neuraminic acid residues. Statistical significance 
determined using a two tailed t-test. n = 5 per group. * indicates a statistically significant 
difference (p<0.001). Error bars represent standard deviation.  
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Figure 5.5. Oxidized-desialylated LDL inhibits LAK cell cytotoxicity in vitro. A) 
Activated and expanded LAK cells were cultured in serum free X-VIVO 10 media in a 24 
well plate with 0.1 μg/ml IL-2 in the absence or presence of native LDL, oxidized only LDL, 
desialylated only LDL, or oxidized-desialylated LDL at 50 μg/ml for 72 hours. Then LAK 
cells were washed three times with X-VIVO 10 serum free media to remove residual 
external LDL and incubated in a 4-hr killing assay with K562 cells at a 10:1 effector to 
target ratio. Percent cytotoxicity was determined by flow cytometry. B) Quantification of 
K562 cell death. **indicates a statically significant difference between native LDL (control) 
and oxidized-desialylated LDL treated LAK cells, and oxidized only LDL vs oxidized-
desialylated LDL treated LAK cells (p<0.0001).* indicates significant difference between 
native LDL and desialylated only LDL, and desialylated only LDL vs oxidized-desialylated 
(p <0.001) treated LAK cells, n = 5 per group. ns indicates not statistically significant. 
Statistical significance determined using two-way ANOVA with Tukey posthoc test. Error 
bars represent standard deviation.    
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Figure 5.6. In vitro LDL oxidation. After desialylation, samples were incubated with 10 
μM Cu (II) ions for 24 hours at 4 0C to drive oxidation of LDL. Levels of LDL oxidation were 
verified by measuring the production of thiobarbituric acid reactive substances (TBARS) 
[88]. Error bars represent standard deviation. * indicates statistically significant differences 
between samples (p<0.001) and ns indicates no significant difference. n = 5 per group. 
Statistical significance determined using a two-way ANOVA test with Tukey posthoc test.  
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Figure 5.7. LAK cell viability. A) LAK cells were incubated with oxidized-desialylated 
LDL for 72, then LAK cells were stained with Sytox blue and analyzed by flow cytometry 
to determine LAK cell viability. FSCH stands for forward scatter cell signal height which 
facilitates selection of single cells.  B) Oxidized-desialylated LDL was slightly toxic to the 
LAK cells. n = 4 per group. Statistical significance determined using a two-tailed t-test. * 
indicates a statistically significant difference (p = 0.028). Error bars represent standard 
deviation.  
 
 

 

Figure 5.8. Enhanced uptake of oxidized-desialylated LDL by LAK cells. LAK cells 
were cultured in serum free X-VIVO 10 media in a V-bottom 96 well plate with IL-2 in the 
absence or presence of native pHrodo Green Conjugate LDL or oxidized-desialylated 
pHrodo Green Conjugate LDL at 10 μg/ml for 1, 2, 8, 16, 32, and 72 hours. The percentage 
of LDL positive cells was measured by flow cytometry. A) Qualitative flow data showing 
uptake of oxidized-desialylated LDL and native LDL, which shows the differences in 
uptake between the two forms of LDL. FSCH stands for forward scatter cell signal height 
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which facilitates selection of single cells. B) Time course of native LDL and oxidized-
desialylated LDL uptake by LAK cells. * Indicates statically significant differences between 
native LDL (control) and oxidized-desialylated LDL treated LAK cells (p<0.001). Statistical 
significance determined using multiple t-tests (one per group) and corrected for multiple 
comparisons using the Holm-Sidak method. n = 3 per time point. Error bars represent 
standard deviation. For some points, errors bars are shorter than the symbol, and error 
bars are not shown.  
 
 
 

 
Figure 5.9. Oxidized-desialylated LDL downregulates cytotoxicity receptor CD56 
and upregulates the CD3 receptor. Activated and expanded LAK cells were cultured in 
serum free X-VIVO 10 media in a V-bottom 96 well plate with IL-2 in the absence or 
presence of native LDL or oxidized-desialylated LDL at 50 μg/ml for 72 hours. Then LAK 
cells were washed three times with X-VIVO 10 serum free media, reconstituted in PBS, 
and labeled with anti-CD56 antibodies, as well as with the dead staining dye SytoxBlue. 
A) Live cells were gated and plotted against CD3 and CD56. B) Oxidized-desialylated LDL 
decreased the number of CD3-CD56+ cells. C) The number of NKT cells (CD3+ CD56+) 
also decreased significantly. D) The number of CD3 positive cells increased significantly 
upon oxidized-desialylated LDL treatment of LAK cells. n = 5 per group. Error bars 
represent standard deviation. ** indicates statically significant differences (p<0.0001), 
determined using one-way ANOVA with Tukey posthoc test. 
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Figure 5.10. Oxidized-desialylated LDL downregulates activating receptor NKG2D. 
LAK cells were cultured and washed as described in Fig. 3. Then LAK cells were labeled 
with anti-NKG2D antibodies, as well as with the dead staining dye SytoxBlue. A) Live cells 
were gated and plotted against CD3 and NKG2D. B) Oxidized-desialylated LDL decreased 
the number of CD3-NKG2D+ cells. C) Oxidized-desialylated LDL increased the number of 
CD3+ cells relative to the LDL-free control, but decreased them relative to treatment with 
native LDL. D) Oxidized-desialylated LDL increased the percentage of CD3+NKG2D- cells 
relative to both other groups. n = 5 per group. ** indicates statistically significant 
differences (p<0.0001), determined using one-way ANOVA with Tukey posthoc test. Error 
bars represent standard deviation.   
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Figure 5.11. Oxidized-desialylated LDL impairs IFNγ production. LAK cells were 
cultured in serum free X-VIVO 10 media with 0.1 μg/ml IL-2 in the presence or absence of 
native LDL or oxidized-desialylated LDL for 72 hours. After 72 hours, cell supernatants 
were removed, centrifuged at 330 g for 8 minutes. Soluble IFNγ was measured in undiluted 
cell supernatants by ELISA. * Indicates statically significant differences between native 
LDL (control) and oxidized-desialylated LDL treated LAK cells (p<0.001). Statistical 
significance determined using one-way ANOVA with Turkey posthoc test. n = 4 per group. 
Error bars represent standard deviation. 
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CHAPTER 6 

OXIDATIVE STRESS AND THIOBARBITURIC ACID REACTIVE SUBSTANCES 

ASSAY  

6.1 Introduction 

Oxidation of low-density lipoprotein is an important mediator in the development of 

atherosclerosis [200]. Additionally, as it was discussed in chapter 5, oxidation of 

desialylated LDL enhances LDL uptake by LAK cells and inhibits their cytotoxicity against 

cancer cells. Therefore, a rapid, reliable, cheap, and reproducible method to determine 

the oxidative modification of LDL is needed for studies of LDL in cancer immunity. The 

most commonly used and preferred method for measuring oxidation on LDL is the 

thiobarbituric acid reactive substances (TBARS) assay. However, there are no detail 

TBARS assay protocols available in the literature, and they are only available as an 

expensive, impractical kit. For studies of LDL in regulating LAK cell activity we needed to 

perform multiple TBARS assays to determine levels of oxidation of LDL prior to doing 

experiments with LAK cells, and purchasing an expensive TBARs assay kit every time 

was impractical. For these reasons we decided to put together our own TBARs assay for 

studies of oxidation on LDL samples. In doing so, we determined the reproducibility of the 

TBARS method in other biological matrices, such as cell lysates and blood serum.  

 

Lipid peroxidation is a process in which free radicals, such as reactive oxygen 

species and reactive nitrogen species, attack carbon-carbon double bonds in lipids, a 

process that involves the abstraction of a hydrogen from a carbon and insertion of an 

oxygen molecule. This process leads to a mixture of complex products including, lipid 

peroxyl radicals and hydroperoxides as the primary products, and malondialdehyde (MDA) 

and 4-hydroxynonenal as the predominant secondary products [87]. 
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MDA has been widely used in biomedical research as a marker of lipid peroxidation 

due to its facile reaction with thiobarbituric acid (TBA). The reaction leads to the formation 

of MDA-TBA2, a conjugate that absorbs in the visible spectrum at 532 nm and produces a 

red-pink color [201]. Other molecules derived from lipid peroxidation besides MDA can 

also react with TBA and absorb light at 532 nm, contributing to the overall absorption 

signal that is measured. Similarly, MDA can react with most other major classes of 

biomolecules, potentially limiting its accessibility for reaction with TBA [202]. As such, this 

traditional assay is simply considered to measure “thiobarbituric acid reactive substances” 

or TBARS [203]. 

 

When correctly applied and interpreted, the TBARS assay is generally considered 

a good indicator of the overall levels of oxidative stress in a biological sample [204]. 

Unfortunately, as documented by Khoubnasabjafari and others, the TBARS assay is often 

conducted and interpreted in ways that facilitate dubious conclusions [202, 205–209]. The 

causes for this are rooted primarily in sample-related pre-analytical variables and a lack 

of assay ruggedness that prohibits seemingly minor variations in assay protocol without 

substantial changes in assay results [87, 205, 210, 211].  

 

Pre-analytical variables related to biospecimen handling and storage (e.g., blood 

plasma kept even temporarily at -20 °C) [212, 213] can have a major impact on TBARS 

assay results [214, 215]—so much so, that in our opinion, TBARS assay results should 

not be compared across different laboratories unless such a comparison is warranted by 

explicit inter-laboratory analytical validation data. This recommendation is akin to how 

western blots are commonly used and interpreted: comparisons of band densities are valid 
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for within-blot and perhaps within-laboratory studies, but comparing band densities 

between laboratories is generally considered an invalid practice.  

 

Some researchers have suggested that MDA as measured by the TBARS assay 

simply does not meet the analytical and/or clinical criteria required of an acceptable 

biomarker [208, 209, 216–218]. Indeed, if the assay had not been developed over 50 years 

ago, it probably would not have gained the widespread use and tacit acceptability that it 

enjoys today. Although there are other assays with greater analytical sensitivity, specificity 

and ruggedness used for the determination of oxidative stress in biological samples, 

because of its ease of use the TBARS assay based on absorbance at 532 nm still remains 

by far one of the most commonly used assays for the determination of lipid peroxidation 

[219], and thereby assessment of oxidative stress in general.  

 

The TBARS assay can only be found as an expensive kit (over $400 U.S dollars), 

in which the instructions do not provide detailed information on most of the concentrations 

of the reagents used. Additionally, the reagents provided can only be used for one 

experiment because only one colorimetric standard curve can be made per kit. This can 

be problematic for researchers who intend to determine levels of oxidation within a few 

samples at different time points because the same standard curve cannot be used at 

multiple times. Hence, multiple kits need to be purchased for multiple experiments. 

Currently, unless an expensive kit is purchased, there is not a detailed protocol available 

for how to perform a TBARS assay. Some researchers in the past have vaguely described 

how to perform a TBARS assay [220, 221], but neither a fully detailed protocol or 

comprehensive video on how to conduct the TBARS assay without an expensive kit is 

available in the literature.  
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Here we report a detailed, analytically validated for-purpose methodology on how 

to perform a TBARS assay in a simple, reproducible and inexpensive way. Changes in the 

lipid peroxidation of human serum, HepG2 lysates, and low-density lipoproteins upon 

treatment with Cu(II) ions are demonstrated as illustrative applications for the TBARS 

assay. Results demonstrate that this TBARS assay is consistent and reproducible on a 

day-to-day basis.  

 

6.2 Experimental Procedures  

6.2.1 Materials  

Thiobarbituric acid (TBA) (T5500-100G), malondialdehyde bis (dimethyl acetal) 

(8207560250), sodium dodecyl sulfate (436143-100G), sodium hydroxide beads (367176-

2.5KG), sodium chloride (S7653-1KG), HEPES (H3375-250G), glacial acetic acid (27225-

1L-R), and copper(II) chloride (222011-250G) were purchased from Sigma. Non-treated 

clear bottom 96 well plate (280895) and caps for glass tubes (14-930-15D) were 

purchased from Thermo Fisher Scientific.  13 x 100 mm glass tubes (53283-800) were 

purchased from VWR.  

 

6.2.2 Sample Preparation  

Cell lysate preparation; HepG2 cells were seeded at 10X106 cells/ml in 16 T75 flasks with 

14 ml of EMEM media supplemented with 10 % FBS and grown for 2 days. Then, media 

was removed, and cells were washed twice with 5 ml of cold sterile 1X PBS. One ml of 

lysis buffer (5 M NaCl, 1 M Tris-HCl pH 7, 1 % NP-40, and 100X protease inhibitor solution) 

were added to the T75 flask containing the cells and incubated for 10 minutes at room 

temperature with constant swirling. Cell lysates were collected into snap-cap 

polypropylene tubes, incubated on ice for 10 minutes, and centrifuged at 5,000 x g for 10 
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minutes at room temperature to collect cell debris. Cell lysate supernatants were collected 

into a single 15 ml tube and concentrated 4-fold using a Speed Vac at 50 oC and 3 mbar. 

Aliquots of 94 μl were made, and samples were stored at -80 oC until they were used for 

in vitro oxidation and/or TBARS assay. For the in vitro oxidation of cell lysates, a 35 mM 

CuCl2 stock solution was prepared in acetic acid pH 4 to prevent precipitation of copper 

hydroxide. Then, 6 μl of the 35 mM CuCl2 stock solution were added to 6 samples 

containing 94 μl of cell lysate to make the final CuCl2 concentration of about 2 mM. Six μl 

of an acetic acid solution pH 4, that did not have CuCl2, were added to 6 samples 

containing 94 μl cell lysate to use as control. Samples were incubated in an oven at 37 oC 

for 2 hours, and a TBARS assay was performed immediately after.  

 

 Low density lipoprotein (LDL) sample preparation; because LDL samples used 

here contained 0.01 % EDTA, and EDTA can inhibit in vitro Cu(II) mediated oxidation of 

LDL, EDTA was removed from LDL samples by spin filtration. Twenty-four μl of a 5.51 

mg/ml LDL stock (protein concentration determined by Modified Lowry Method using BSA 

as a standard) were diluted in 476 μl of a 10 mM HEPES buffer in 0.15 M NaCl pH 7 to 

bring the final volume to 500 μl. Then, diluted LDL samples were added to 0.5 ml 

centrifugal spin filter device with a 100K molecular weight cutoff. Samples were 

centrifuged at 14,000 x g for 10 minutes at room temperature, leaving a final retentate 

volume of about 30 μl. Samples were reconstituted in 480 μl of the 10 mM HEPES buffer 

in 0.15 M NaCl pH 7 and centrifuged again at 14,000 x g for 10 minutes. This last step 

was repeated a total two more times for a total of 4 spin throughs. Spin filter device was 

placed upside down into a new snap-cap polypropylene tube and centrifuged at 1000 x g 

for 2 minutes to collect LDL sample in a final volume of about 30 μl. Twenty μl of water 

were added to each LDL sample to bring final volume to 50 μl. For the in vitro oxidation of 
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LDL, 2.7 μl were aliquoted from a 200 μM CuCl2 stock solution that was prepared in acetic 

acid pH 4 and added it to six samples containing 50 μl of LDL to make a final CuCl2 

concentration of about 10 μM. For the control samples, 2.7 μl of an acetic acid solution pH 

4 were added to six samples containing 50 μl of LDL. Then, LDL samples with or without 

CuCl2 incubated for 2 hours in an oven at 37 oC. After 2 hours, final volume was brought 

to 100 μl with 10 mM HEPES buffer in 0.15 M NaCl pH 7, and immediately after a TBARS 

assay was performed.  

 

 Human serum sample preparation; aliquots of 94 μl each were made from a human 

serum stock, and samples were kept at -80 oC. For the oxidation of human serum, a 35 

mM CuCl2 stock solution was prepared in acetic acid pH 4. Then, 6 μl of the 35 mM CuCl2 

stock solution were added to 6 samples containing 94 μl of cell lysate to make the final 

CuCl2 concentration of about 2 mM. Six μl of an acetic acid solution pH 4, that did not have 

CuCl2, were added to 6 samples containing 94 μl cell lysate to use as control. Samples 

were incubated in an oven at 37 oC for 2 hours. A TBARS assay was performed 

immediately after. 

 

6.2.3 TBARS Color Reagent Preparation 

An 8.1 % (w/v) sodium dodecylsulfate (SDS) solution was prepared by dissolving 32.4 

grams of SDS in a final water volume of 400 μl. A 3.5 M sodium acetate buffer pH 4 was 

prepared as follows; one hundred ml of glacial acetic acid were diluted in 350 ml of DI 

water, to this was added 46 ml of a 6.5 M NaOH solution, which brought the pH of the 

solution to 4. Then, final volume of sodium acetate buffer was brought to 500 ml with DI 

water.  
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 An 0.8 % aqueous solution of thiobarbituric acid adjusted to pH 4 was prepared as 

follows; four grams of thiobarbituric acid were added into a beaker containing 450 ml of DI 

water. To this was added a total volume of 3 ml of a 5 M NaOH solution in 100 μl 

increments, which causes the thiobarbituric acid particles to dissolve. pH of thiobarbituric 

acid solution was determined to be around 4 with a pH paper. Then, final volume of 

solution was brought to 500 ml with DI water.  

 

6.2.4 Malondialdehyde Standard Sample Preparation 

Malondialdehyde (MDA) is unstable and it is not commercially available. However, there 

are different chemical forms of MDA that are commercially available, such as MDA 

tetrabutylammonium salt, MDA bis (dimethyl acetal), and MDA bis (diethyl acetal). Of 

these three chemical forms we used MDA bis (dimethyl acetal) because the vast majority 

of studies have used this same standard21,22.  A 550 μM MDA bis (dimethyl acetal) stock 

solution was prepared by diluting 92 μl of pure MDA bis (dimethyl acetal) in 1 L of water. 

A 200 μM MDA bis (dimethyl acetal) solution was prepared by diluting 726 μl from the 550 

μM MDA bis (dimethyl acetal) stock in 1274 μl of DI water. This 200 μM MDA bis (dimethyl 

acetal) solution was prepared fresh every time a TBARS assay was performed.  

 

 For the standard curve preparation, a total of eight 2-ml snap-cap polypropylene 

tubes were labeled A-H, and MDA bis (dimethyl acetal) was added to each tube from the 

200 μM stock and diluted in water as described in Table 1. Eight glass tubes (13 x 100 

mm) were labeled A-H and added 100 μl of each diluted standard to corresponding glass 

tube. A total of six replicates for the blank standard (sample A) were performed to calculate 

limits of detection of the TBARS assay.  
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6.2.5 Thiobarbituric Acid Reactive Substances Assay 

One hundred μl of prepared sample (cell lysate, LDL, or serum) were added to a 13 x 100 

mm glass tube. To this was added 200 μl of 8.1 % SDS to each sample and standard, 

followed by 1.5 ml of the 3.5 M sodium acetate buffer pH 4 and 1.5 ml of the aqueous 0.8 

% thiobarbituric acid solution pH 4. Final volume was brought to 4 ml for each sample and 

standard by adding 700 μl of DI water. Each glass tube was tightly capped and incubated 

at 95 oC for 1 hour. Then samples were incubated in ice for 30 minutes. Samples and 

standards were centrifuged at 1500 x g for 10 minutes at 4 oC. Immediately after 

centrifugation, 150 μl of supernatant were aliquoted from each tube and placed it into a 

separate well of a 96-well plate. Absorbance was taken at 532 nm, and average 

absorbance reading of the blank samples was subtracted from all other absorbance 

readings. Unknown sample concentrations were calculated using linear regression 

obtained from standard curve.  

 

6.3 Results  

Under acidic conditions (pH 4) and at 95 oC, malondialdehyde (MDA) bis (dimethyl acetal) 

yields MDA [222]. MDA and closely related chemical congeners react with two molecules 

of thiobarbituric acid (TBA) to produce compounds called thiobarbituric acid reactive 

substances (TBARS), which give a red-pink color and have an absorbance λmax at 532 nm 

(Figure 6.1 & Figure 6.2). Using MDA bis (dimethyl acetal) as the standard, standard 

curves were generated (Figure 6.3 & Table 6.1) to determine the limits of detection and 

sensitivity of the assay and the levels of oxidation in three different types of biological 

samples. A total of nine TBARS assays were performed to determine the levels of 

oxidation in the three different samples on different days. Hence, a total of nine standard 

curves were generated, as shown in Figure 6.3. The least-squares procedure [223] was 
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used to determine the standard deviations of the slope and the y-intercept, which were 

8.67 x 10-6 and 5.66 x 10-4, respectively.  

 

The limits of detection of the TBARS assay were determined according to standard 

analytical procedures [224] by measuring the absorbance of the blank samples (6 

experimental replicates with 2 technical replicates per experimental replicate) on three 

different days. The minimum distinguishable analytical signal (𝑆𝑚) was determined by 

summing the mean of the blank signal (𝑆𝑏̅𝑙) plus a multiple 𝑘 of the standard deviation of 

the blank (𝑘𝑠𝑏𝑙), where 𝑘 = 3. That is; 𝑆𝑚 = 𝑆𝑏̅𝑙 + 𝑘𝑠𝑏𝑙 . Using 𝑆𝑚 and the slope of the 

standard curve (𝑚), the detection limit (𝑐𝑚) was calculated as; 𝑐𝑚 = (𝑆𝑚 − 𝑆𝑏̅𝑙) ∕ 𝑚. The 

resulting data of the blank samples on three different days shows that the minimum 

concentration of TBARS substance needed to give a detectable non-noise absorbance 

signal is 1.1 μM (Table 6.2). The sensitivity of the TBARS assay is about 0.00160 

absorbance units/μM, which is the ability of the assay to distinguish differences in analyte 

concentration (see Table 6.2).   

 

To illustrate the applicability of the TBARS assay in detecting changes in lipid 

peroxidation in various biological matrices, CuCl2 was used to induce the in vitro oxidation 

of human serum, HepG2 cell lysates, and low-density lipoproteins. These biological 

samples used here are prototypes of biological matrices. For example, based on the 

results presented here for HepG2 cell lysates, it is reasonable to expect that this assay 

will work with other types of cell lysate—but it would need to be analytically validated for 

this purpose. Also, of the three biological matrices used here, it is common for certain 

types of samples to exhibit low endogenous concentrations of TBARS. For example, 

TBARS for HepG2 cell lysates that were not treated with CuCl2 were just above the limit 
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of detection of the assay (about 2 μM) (Figure 6.4). As would be expected in the presence 

of low signal-to-noise ratios, the standard deviation and coefficient of variation for this 

particular sample is relatively high (see Table 6.3). However, as the signal increases as 

a result of Cu(II) mediated oxidation, the coefficient of variation becomes lower. In general, 

as the absorbance increases beyond the detection limit, assay reproducibility improves 

(Table 6.3).  

 

Four our purposes, we don’t want to use antioxidants to mask the in vitro Cu(II) 

mediated oxidation of biological samples. Commercially prepared low-density lipoproteins 

(LDL) may contain 0.01 % EDTA. EDTA will prevent Cu(II) mediated oxidation of LDL, but 

not necessarily other metal-mediated oxidation reactions [225, 226]. A TBARS assay was 

performed on LDL samples containing EDTA, and the levels of TBARS did not change 

between the Cu(II)-treated and untreated LDL samples (Figure 6.5A). However, after 

EDTA was removed by spin filtration (see step 1.2.3 to 1.2.5), LDL underwent Cu(II) 

mediated oxidation, as detected by the TBARS assay (Figure 6.5B).  

 

The normal range of lipid peroxidation products in the human serum from healthy 

donors expressed in terms of MDA is between 1.8-3.94 μM [227]. To illustrate the dynamic 

range of the TBARS assay in human serum, a concentration of 2 mM Cu(II) ions was 

added to the samples, followed by incubation for 24 hours at 37 oC.  This resulted in a 6-

7x increase in TBARS (Figure 6.6).  

 

6.4 Discussion 

Despite its limitations [202, 205, 206, 208–213, 216, 218, 228] and, in our opinion, lack of 

suitability for comparison between laboratories, the TBARS assay is one of the oldest 
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[229, 230] but still most widely used assays to measure oxidative stress in biological 

samples. The TBARS assay is a straightforward method that only takes about two hours 

to perform once all the required reagents have been prepared. Here we have described 

in detail how this assay, including standard curve, can be performed many times in an 

economical way (about $3.50 USD for 96 samples), that is, without having to buy an 

expensive kit for every batch of samples. 

 

All the steps of the assay are critical, but there are some steps that require extra 

attention. For instance, the pH of the thiobarbituric acid should not be higher than 4. 

Precautions should be taken when adding the sodium hydroxide solution to the 

thiobarbituric acid and avoid having a pH greater than 4. An acidic environment is required 

for the reaction between MDA and TBA to occur, and the MDA standard is released from 

MDA bis (dimethyl acetal) by acid-catalyzed hydrolysis. Hence, a high pH may lead to 

unpredictable and highly variable results [231]. Also, while this may be obvious to some 

readers, it is also critical to remove any bubbles in the 96 well plate before measuring the 

absorbance. The presence of bubbles will give high absorbance values and differences 

between replicates, leading to high % CVs. Additionally, after the 1-hour incubation at 95 

oC, samples should not be incubated longer than 30 minutes on ice since this will 

precipitate the entire sample and collecting a precipitate-free supernatant will be difficult 

to accomplish. Notably, there are no good stopping points once the TBARS assay has 

been started; it should be taken through completion once it has been initiated. Finally, 

there are a great many possible methodological variations that could be applied to this 

assay. The general protocol described here can be further adapted (and validated) for 

specific applications—including those for which the addition of radical scavengers or other 

types of antioxidants prior to analysis is appropriate or mandated. 
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While the TBARS assay is popular, it is important for practitioners of it to realize 

that it is not a molecularly specific assay; numerous chemically reactive carbonyl-

containing organic molecules, including those derived from oxidized biomolecules other 

than lipids, can react with TBA and therefore are counted as TBARS [213, 228, 232, 233]. 

In addition, the limits of detection of the absorbance-based TBARS assay do not get much 

better than about 1.1 μM, as determined by our method. However, the limits of detection 

can be improved by using other detection methods. For instance, spectrofluorometry with 

excitation at 520 nm and emission at 550 nm offer higher sensitivity and better limits of 

detection, as previously suggested by Jo and Ahn [234]. Mass spectrometry-based 

methods can dramatically improve both specificity and limits of detection. For example, a 

GC-MS/MS with electron-capture negative-ion chemical ionization (ECNICI) method has 

been used to detect the pentafluorobenzyl derivative of MDA in human serum and urine 

samples, with limits of detection of 2 x 10-18 mol MDA on column [235]. Here, the 

chromatographic separation, in combination with tandem mass spectrometry, dramatically 

improves the molecular specificity of the assay as well.  

 

Nevertheless, as with other measurements of oxidative processes within biological 

samples [236, 237], pre-analytical sample handling is critical to the outcome of TBARS 

measurements. For example, blood plasma storage at -20 oC results in slow but dramatic 

increases in MDA concentrations [238, 239]. Thus, exposure of biological samples to 

thawed or even partially thawed conditions for anything but a minimal amount of time 

should, in the absence of contrary evidence, be assumed to cause artifactual elevation of 

TBARS levels. This means that even modest variability in the pre-analytical handling and 

storage of biospecimens that are to be compared to one another using the TBARS assay 

must be avoided. 



  139 

Given these caveats related to pre-analytical variability as well as limited sensitivity 

and specificity, we recommend that the absorbance-based TBARS assay only be used for 

intra-laboratory general assessment or range-finding experiments in which relative 

TBARS levels are directly compared between one or more groups of biologically similar 

samples that were processed and/or stored together and separated by only a single 

variable that was fully controlled by the researchers. 

 

6.5 Conclusion  

Despite its limited analytical specificity and ruggedness, the thiobarbituric acid reactive 

substances (TBARS) assay has been widely used as a generic metric of lipid peroxidation 

in biological fluids; and it is often considered a good indicator of the levels of oxidative 

stress within a biological sample—provided that the sample has been properly handled 

and stored. The assay involves the reaction of lipid peroxidation products, primarily 

malondialdehyde (MDA), with thiobarbituric acid (TBA) which leads to the formation of 

MDA-TBA2 adducts called TBARS. TBARS give a red-pink color that can be measured 

spectrophotometrically at 532 nm. The TBARS assay is performed under acidic conditions 

(pH 4) and at 95 oC. Pure MDA is unstable, but these conditions allow the release of MDA 

from MDA bis (dimethyl acetal), which is used as the analytical standard in this method. 

The TBARS assay is a straightforward method that can be completed in about 2 hours. 

Preparation of assay reagents are described in detail here. Budget-conscious researchers 

can use these reagents for multiple experiments at low cost (about $3.50 USD for 96 

samples) rather than having to buy an expensive TBARS assay kit that only permits 

construction of a single standard curve and therefore can only be used for one experiment. 

The applicability of this TBARS assay is shown in human serum, low-density lipoproteins, 
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and cell lysates. The assay is consistent and reproducible on a day-to-day basis and limits 

of detection of 1.1 μM can be reached.  

 

Figure 6.1. Thiobarbituric Acid Reactive Substances Assay Schematic. One hundred 
microliters of sample or standard are added to a 13x100 mm glass tube, followed by 
addition of thiobarbituric acid reactive substances (TBARS) reagents. After incubation at 
95 oC for 1 hour, samples and standards are incubated in ice for 30 minutes, then 
centrifuged at 1500 x g for 10 minutes at 4 oC. One hundred fifty microliters of sample or 
standard supernatant are loaded onto a 96-well plate, and absorbance is measured at 532 
nm. Unknown sample concentration is calculated using the equation of the standard curve. 

 
Figure 6.2. Archetype Thiobarbituric Acid Reactive Substances reaction. 
Malondialdehyde bis (dimethyl acetal) yields malondialdehyde under acid-catalyzed 
hydrolysis [228]. Released Malondialdehyde (MDA) then reacts with two molecules of 2-
thiobarbituric acid (TBA) at pH 4 and 95 oC to form MDA-TBA2 adducts that give a red-
pink color and can be measured spectrophotometrically at 532 nm. Because other 
molecules besides MDA that are derived from oxidized lipids can also react with TBA, the 
absorbance measurement at 532 nm is simply referred to as a measurement of 
thiobarbituric acid reactive substances or TBARS.  
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Figure 6.3. Malondialdehyde bis (dimethyl acetal) Colorimetric Standard Curves. 
Figure shows nine standard curves as created on different days. Some points overlap and 
cannot be distinguished from one another. Malondialdehyde bis (dimethyl acetal) was 
fortified into calibrator samples at 0, 2.5, 5, 10, 20, 40, 80, and 160 μM (as shown in Table 
1; n = 1 per concentration point per day). Absorbance was measured at 532 nm with the 
average absorbance of the blank samples subtracted from all measurements in that batch, 
including unknowns. Each day, the equation generated by least-squares linear regression 
was used to determine TBARS in biological samples. For all nine standard curves 
combined, the standard deviation of the slope was 8.67 x 10-6, and the standard deviation 
of the y-intercept was 5.66 x 10-4. Standard deviations of the slope and y-intercept were 
calculated using the least-squares procedure [223].  



  142 

 
Figure 6.4. Oxidation in HepG2 lysates detected by TBARS. Six HepG2 cell lysate 
samples were incubated with 2 mM CuCl2 (HepG2 cell lysate + 2 mM Cu(II)) and six 
samples were incubated in a solution without CuCl2 (HepG2 cell lysate) for 24 hours at 37 
oC. After incubation, the TBARS assay was performed on the 12 samples. This procedure 
was repeated two more days for a total of three different days. Error bars represent 
standard deviation. * Indicates statistically significant differences between control and 
Cu(II)-treated lysates (p<0.001). Statistical significance was determined using a Mann 
Whitney U test in GraphPad.  
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Figure 6.5. Oxidation in Low density lipoprotein detected by TBARS. A) TBARS 
assay conducted in LDL samples containing 0.01% EDTA (as prepared by Athens 
Research & Technology company). Six LDL samples were incubated with 10 μM CuCl2 
(LDL + 10 μM Cu(II)) and six samples were incubated with a control solution that did not 
have any CuCl2 added (Native LDL) for 2 hours at 37 oC. Then a TBARS assay was 
performed on the 12 samples. ns represents no statistical significance. B) LDL was spin 
filtered using an Amicon Ultra-0.5 100 KDa MWCO centrifugal spin filter device to remove 
EDTA. Then, incubation with and without added Cu(II) was performed again as described 
for A). The TBARS assay was performed immediately afterward. This same procedure 
was repeated on two more days for a total of 3 days. Error bars represent standard 
deviation. * Indicates statistically significant differences between control and Cu(II)-treated 
LDL samples (p<0.001). Statistical significance was determined using the Mann Whitney 
U test in GraphPad. 
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Figure 6.6. Lipid peroxidation in human serum samples detected by TBARS. Six 
human serum samples were incubated with 2 mM CuCl2 (serum + 2 mM Cu(II)) and six 
samples were incubated with a solution that did not have any added CuCl2 (normal serum) 
for 24 hours at 37 oC. After incubation, the TBARS assay was performed on the 12 
samples. This procedure was repeated on two additional days. Error bars represent 
standard deviation. * Indicates statistically significant differences between control and 
Cu(II)-treated serum samples (p<0.001). Statistical significance was determined using the 
Mann Whitney U test in GraphPad. 
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aFrom the freshly prepared 200 μM malondialdehyde bis (dimethyl acetal), aliquot the 
suggested volumes to reach the final concentration for the standard curve.  

bIt is recommended to perform at least six replicates of the blank sample (A) per day to 
determine the limits of detection of the method. 
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aAbsorbance of the blank samples on three different days with 6 replicates per day.  

bSbl = Standard deviation of the absorbance of the blank samples.   

cSm = Minimum distinguishable analytical signal, which was determined by summing the 

mean of the blank signal (𝑆𝑏̅𝑙) plus a multiple 𝑘 of the standard deviation of the blank 

(𝑘𝑠𝑏𝑙), where 𝑘 = 3. That is; 𝑆𝑚 = 𝑆𝑏̅𝑙 + 𝑘𝑠𝑏𝑙 .     

dSensitivity of the TBARS assay, which is the slope of the standard curve.  

ecm = Limits of detection, which was calculated as; 𝑐𝑚 = (𝑆𝑚 − 𝑆𝑏̅𝑙) 𝑚⁄ , where 𝑚 = the 

slope of the standard curve.  

 
 
 
 
 

 
aInterday precision was calculated by pooling data from all three days. 

 bPrecision was limited due to results being near the assay LOD. 
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CHAPTER 7 

CONCLUSION AND FUTURE DIRECTIONS  

In this dissertation, glycan node analysis was optimized, adapted, and applied to multiple 

unique, biologically important biomatrices for the purpose of evaluating its utility in cancer 

research. Specifically, the glycan node analysis procedure was applied to profile specific 

glycan features in cell culture supernatant. Glycan node analysis in cell culture 

supernatant was reproducible and consistent on a day to day basis, and cytokine-induced 

subtle changes in glycosyltransferase activity were detected using this approach. The 

inflammatory cytokine interleukin-6 (IL-6) was found to regulate multiple specific glycan 

tumor antigens, such as β1-6-branching, β1-4-branching, Tn antigen (GalNAc-Ser/Thr), 

terminal galactosylation, bisecting GlcNAc, and antennary fucosylation, in hepatocellular 

carcinoma (HepG2) cells. IL-1β appeared to regulate β1-6-branching and β1-4-branching 

in HepG2 cells, but the magnitude of the effect was not significant. Because β1-6-

branching is a molecular surrogate of GnT-V activity, a Western blot confirmed increased 

β1-6-branching due to upregulated GnT-V upon IL-6 treatment. GnT-V adds a GlcNAc 

residue to an α-linked mannose of an N-glycan.  Our glycan node analysis results revealed 

that the only GlcNAc residue that was upregulated was 3,4-GlcNAc. Because 3,4-GlcNAc 

represents antennary fucosylation, it was concluded that the  β1-6-branched  glycans 

tended to be extended antennary forms.   

Abnormal glycosylation of blood plasma glycoproteins is a hallmark of cancer, and 

the mechanisms by which these processes occur are not well understood. It has been 

assumed that inflammatory cytokines modulate the way cells glycosylate their secreted 

glycoproteins. However, glycomics studies on cytokine induced glycosylation are rare, and 

often limited to N-glycan analysis using lectins. In this dissertation, it’s been shown that 

glycan node analysis can be used to study cytokine induced changes in glycosylation, in 
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which a complete glycan profile (N-linked and O-linked) is provided. Future studies should 

investigate the molecular pathways by which inflammatory cytokines, such as IL-6 and IL-

1β, change glycosyltransferase expression. The common molecular pathway of IL-6 is the 

STAT3 pathway, and for IL-1β signaling is through the NFκB pathway. Perhaps the 

glycosylation changes that we observed here are regulated through such pathways. 

Additionally, the role of other anti-inflammatory and pro-inflammatory cytokines, such as 

IL-10, IL-5, TNF, IL-2, and IL-8, should be investigated to understand the molecular 

mechanisms by which the inflammatory aspect of cancer changes the way “normal” cells 

glycosylate their secreted glycoproteins.  

Glycan node analysis was also employed to profile antibody IgG glycosylation. 

Treatment of IgG antibodies with low amounts of neuraminidase enzyme results in subtle 

changes in terminal sialylation, which were consistently quantified by glycan node 

analysis. Changes in glycosylation are extremely important since they can affect the 

pharmacokinetic and pharmacodynamics of the antibody. Our glycan node analysis 

results suggest that glycan node analysis can potentially be applied to quantify 

glycosylation changes of therapeutic antibodies, for which glycosylation consistency is 

mandated in the therapeutic industry. The advantages of using glycan node analysis over 

other technologies are that specific glycan features can be quantified as single analytical 

signals, and that a complete glycan profile (N-linked and O-linked) is captured using this 

approach.  

In this dissertation, it was demonstrated that the glycan node analysis can be 

applied to quantify glycosylation on extracellular vesicles (EVs) derived from cells and 

from blood plasma. EVs derived from metastatic cells and non-metastatic cells showed 

significant changes in several glycan nodes, particularly 3-GlcNAc, which represents 

hyaluronic acid. Additionally, EVs derived from normal donor blood plasma showed 



  149 

particular glycan features that distinguish them from whole blood plasma glycans. The 

distinct glycan expression profile of EVs compared to whole plasma was promising for 

developing new diagnostic strategies. For example, glycan node analysis of exosomes 

can be a cost effective and time-efficient future method to assess glycosylation changes 

in cancer from a simple blood draw. These results suggest the legitimacy of applying 

glycan node analysis to compare EVs derived from normal donors vs cancer donors blood 

plasma. It would be particularly interesting to see if hyaluronic acid is upregulated or 

downregulated in patients with metastatic cancer. This would represent a promising 

biomarker since EVs have been shown to have a potential clinical utility in the diagnosis 

and therapy of cancer.  

In this dissertation, a simplified “liquid phase permethylation” procedure for glycan 

node analysis was applied for the first time to whole biological specimens. A conventional 

“solid phase permethylation” procedure was performed in parallel to compare the 

permethylation efficiencies. Both methods showed permethylation efficiencies of ≥99 %, 

and it was found that the liquid phase permethylation procedure offered higher sensitivity 

than the solid phase permethylation procedure for detecting glycan nodes in cell lysates.  

Both permethylation methods were applied to cancer cell lysates for the first time, and 

specific glycan profiles were identified for each cell line. Both methods agreed on most of 

the glycan nodes identified, and it was found that the liquid phase permethylation 

procedure offered better intra- and inter-assay reproducible results. It was found that 

antennary fucosylation is elevated in HepG2 cell lysates relative to THP-1 cells, K562 

cells, and PBMCs. Also, glycolipids were found upregulated in THP-1 cells and K562 cells, 

but not in HepG2 cells and PBMCs. These results suggest that liquid phase 

permethylation for glycan node analysis can be applied to cancer tissue and normal tissue 
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for biomarker discovery. Future studies should investigate the glycan node profile of 

cancer vs healthy tissues for clinical diagnosis.  

Changes in glycosylation in cancer were extensively studied in this dissertation, 

but the roles of glycosylation changes were also addressed. In this dissertation, it was 

found a unique role of oxidized-desialylated low-density lipoprotein (LDL) in regulating the 

activity of lymphokine activated killer (LAK) cells. It was found that desialylation and 

oxidation significantly enhance the uptake of LDL by LAK cells, and this causes the LAK 

cells to have downregulated cytotoxicity against leukemia K562 cells. The downregulated 

cytotoxicity was explained by a downregulation of CD56 and NKG2D cytotoxicity receptors 

and an impairment of IFNγ production, all induced by oxidized-desialylated LDL. These 

phenomena have implications in both cancer and atherosclerosis. Cancer and 

atherosclerosis are two similar diseases that share multiple pathways, and it has been 

suggested that atherosclerosis can lead to cancer. Oxidized-desialylated LDL is a 

hallmark of atherosclerosis, and there is extensive research showing how this form of LDL 

leads to atherosclerotic plaques. However, studies on how oxidized-desialylated LDL 

modulates immunity and tumor progression are very limited. The findings in this 

dissertation will open up new avenues in research, in which a new link between 

atherosclerosis and cancer immunity has been identified. Future studies should 

investigate the effects of oxidized-desialylated LDL on other cytotoxic immune cells, such 

as T cells, and pre-purified NK cells. Results in this dissertation suggest that oxidized 

desialylated LDL will have an inhibitory effect on both T cells and NK cells. Additionally, 

future research should investigate the levels of oxidized-desialylated LDL in the blood of 

cancer patients, especially those with cardiovascular diseases. The glycan node analysis 

has been shown to distinguish particular glycan features from cancer vs healthy patients. 



  151 

In this same manner, it should be investigated the levels of sialylated and desialylated 

LDL in cancer patients using glycan node analysis.  

The TBARS assay described in this dissertation, however, should not be used as a 

diagnostic tool to identify oxidation of LDL in cancer vs healthy in future studies. In this 

dissertation, it has been shown that the TBARS assay should only be used as a tool to 

assess oxidative stress in general, in which TBARS levels are directly compared between 

one or more groups of biologically similar samples that are processed and/or stored 

together and separated by only a single variable that is fully controlled. TBARS assay 

results should not be compared across different laboratories unless such a comparison is 

warranted by explicit inter-laboratory analytical validation data. This recommendation is 

akin to how western blots are commonly used and interpreted: comparisons of band 

densities are valid for within-blot and perhaps within-laboratory studies, but comparing 

band densities between laboratories is generally considered an invalid practice. The 

TBARS assay described in this dissertation is a valuable tool to assess oxidation in LDL 

samples prior to incubating them with lymphocytes or immune cells. Future studies can 

use this assay to assess oxidation in biological samples or LDL samples to better 

understand the role of oxidized-desialylated LDL in biology. 
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