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 Eukaryotic cells employ vast and intricate molecular mechanisms to carry out 

biological functions that help them thrive. One such mechanism is the dynamic 

movement and reorganizing of the plasma membrane in order to facilitate inter- and 

intra-cellular events via receptor and/or ligand engagement. The plasma membrane is 

surrounded by a very dense layer of sugars, or glycans, which extend from glycolipids 

and glycoproteins, and can interact with galectins, a family of sugar-binding proteins. 

These interactions form molecular networks called galectin-glycoprotein lattices that 

function to control the localization, clustering, and retention of glycoproteins to globally 

regulate cell activation, growth, arrest, and differentiation. 

 Glycoproteins are built in the endoplasmic reticulum and the Golgi apparatus, in 

which proteins are folded and then extensively modified with glycans before transport to 

the cell surface. In the Golgi, the N-acetylglucosaminyl transferases (Mgat1, 2, 4, and 5) 

mediate the branching of Asparagine (N)-linked glycans in an “assembly line” manner to 

progressively increase the production of ligands for galectins. More N-glycan branching 

increases galectin avidity to maintain lattice integrity, cellular homeostasis, and 
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appropriate functional outcomes. Less N-glycan branching reduces galectin avidity, 

weakens the lattice, and promotes cellular dysfunction and disease states.  

We have shown the galectin-glycoprotein lattice and the N-glycan branching 

pathway are critical regulators of T cells. An intact lattice on T cells promotes basal TCR 

signaling and appropriate activation states. Furthermore, the lattice inhibits pro-

inflammatory TH1/TH17 differentiation, and promotes humoral/immunomodulatory TH2 

and anti-inflammatory iTREG differentiation. When the lattice is weakened due to reduced 

N-glycan branching, T cells become hyperactive and more pro-inflammatory, 

exacerbating autoimmunity (i.e., EAE and MS).  

How the galectin-glycoprotein lattice and N-glycan branching regulates B cells 

has not been shown before. We provide evidence N-glycan branching promotes B cell 

generation, differentially regulates CD19/BCR and TLR surface expression and 

signaling, and affects antigen presentation to CD4+ T cells to influence TH1, TH17, and 

iTREG differentiation. Furthermore, reduced N-glycan branching in B cells resulted in 

more severe EAE progression. These studies have begun to delineate how the galectin-

glycoprotein lattice regulates B cell homeostasis, and may have implications in B cell 

targeting therapies. 
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Chapter 1 

Introduction 

 

Portions of this chapter are taken from: 

Nemazee, D. Mechanisms of central tolerance for B cells. Nat Rev Immunol 17, 281-

294 (2017). 

Yang, L., and Seki, E. Toll-Like Receptors in Liver Fibrosis: Cellular Crosstalk and 

Mechanisms. Frontiers in Physiology 3 (2012). 

Reprinted with permission from Nature Publishing Group and Frontiers. 
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The immune system is our ultimate line of defense against harmful invaders (i.e., 

pathogens) like bacteria, viruses, fungi, and parasites. It is an army of various cell types 

that communicate and interact with each other, along with other tissues, as they survey 

the body for invaders, and launch concerted, defensive attacks when necessary in order 

to clear infections. Generally, the innate side of the immune system quickly delivers 

nonspecific defense to control an infection, while the adaptive side ramps up to execute 

a strong and precise response to eliminate the invaders. Unique among the immune 

cells, the B cell harbors both innate and adaptive immune functions, putting them at the 

interface of critical immune outcomes. 

Increasing evidence demonstrates glycosylation as an indispensable regulator of 

cellular functions. Our group has extensively demonstrated how cell surface N-

glycosylation, specifically N-glycan branching, and the galectin-glycoprotein lattice serve 

as essential mechanisms of regulating T cell basal signaling, activation, growth arrest, 

metabolism, and thymic development. However, almost nothing is known about the role 

of N-glycan branching and the galectin-glycoprotein lattice in B cell biology. Here, we 

have begun to elucidate the importance of N-glycan branching in B cell central tolerance 

(i.e., positive selection), peripheral functions, and autoimmunity. The focus of this 

dissertation is to share these discoveries and ideas for future research.  

 

A Brief History 

B cells are generally defined as a group of cells that can detect antigens via 

clonally diverse cell surface immunoglobulins (Ig) serving as B cell receptors (BCR). 

They originated more than 500 million years ago during the evolution of adaptive 
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immunity in jawed vertebrates.1 In 1938, it was first the identification of antibodies (i.e., 

Ig) in serum that began the path towards the discovery of B cells, and ten years later, 

plasma cells were identified as the producers of antibodies.2,3 B and T cells were 

discovered around the same time in 1965 with identification of functionally distinct 

lymphoid systems from chicken bursa and thymus (signifying their respective names), 

the former generating cells as antibody producers and the latter necessary for cell-

mediated responses.4,5 Transplantation models in mice showed cells derived from bone 

marrow became the generators of antibody responses.6,7 In 1971, the developmental 

link between antibody production and B cells in humans was revealed when normal and 

leukemic B cells were distinguished using differential surface Ig expression.8 Using cell 

surface markers to characterize malignant B and T cells from these studies began the 

classification of blood cancers.8-10 Today, immunophenotyping methods remain as 

some of the most sophisticated and effective diagnostic and research tools. 

 Since their discovery, extensive research has been done to delineate the 

processes of B (and T) cell development in mice and humans, which has demonstrated 

somatic rearrangement of the Ig (and T cell receptor (TCR) a/b) loci by the 

recombination activating genes 1/2 (RAG-1/2) as the mechanism for generating B (and 

T) cell receptors.11-14 

 

B Cell Development and Selection 

Generating B Cell Central Tolerance 

T and B cells undergo similar developmental events and checkpoints that 

involves the dynamic expression of transcription factors, response to extracellular 
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environmental cues such as cytokines, and the somatic rearrangement, expression, and 

screening of their antigen receptors in order to generate a functionally diverse, self-

tolerant lymphocyte repertoire.15-18 Abnormalities in lymphocyte development and 

selection give rise to certain congenital immunodeficiencies, leukemias/lymphomas, and 

autoimmune diseases.1 In the bone marrow, B cell development begins when a 

common lymphoid progenitor (CLP) cell becomes a progenitor B (pro-B) cell which are 

committed to the B cell lineage.19 With the expression of the RAG enzymes, 

rearrangement of the variable (V), diversity (D) and joining (J) gene segments in the µ 

heavy (H)-chain locus begins, where successful VDJ recombination drives H-chain 

protein expression. The H-chain proteins pair with the surrogate light (L)-chain which 

becomes expressed as the pre-BCR on the surface of what are now large pre-B 

cells.19,20 Interleukin 7 receptor (IL-7R) signaling supports pro-B cell survival, the pro-B 

to large pre-B cell transition, and large pre-B cell proliferation, whereas attenuation of 

IL-7R signaling leads to cell cycle arrest and induction of RAG gene expression for L-

chain rearrangement.21-23 The pre-BCR does not signal on its own and must form 

complexes with Iga and Igb (also known as cluster of differentiation (CD)79A and 

CD79B) transmembrane proteins, which have cytoplasmic tails containing tyrosine 

phosphorylation sites within immunoreceptor tyrosine-based activation motifs (ITAMs), 

for signal transduction.24,25 Once large pre-B cells enter a low IL-7 niche and IL-7R 

signaling diminishes, proliferation stops and they become small pre-B cells where pre-

BCR signaling induces V and J segment rearrangement from one of two L-chain loci, k 

or l.21-23 Successful L-chain VJ recombination, expression, and pairing with µ H-chain in 
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small pre-B cells results in surface bound IgM expression and complex formation with 

Iga and Igb to form the BCR on what are now immature B cells.26-28  

At this point, surface bound IgM can bind antigens; with the likeliness of 

immature B cells encountering self-antigens in the bone marrow being very high, the B 

cell employs several regulatory processes to reduce self-reactivity and control central 

tolerance. Here, BCR ligation directs immature B cell fate – when the BCR is engaged 

by self-antigen, immature B cells die by clonal deletion (negative selection by apoptosis) 

or undergo receptor editing (continuous L-chain rearrangement) to reduce/eliminate 

autoreactivity.29 Alternatively, immature B cells expressing a self-tolerant BCR continue 

through transitional developmental stages (T1 and T2) in the bone marrow and the 

spleen, but mostly continue maturation into follicular (FO) or marginal zone (MZ) B cells 

in the spleen and co-express surface bound IgM and IgD.30 Evidence also suggests 

about 25% of developing B cells can mature into FO B cells in the bone marrow.31 In the 

periphery, mechanisms such as anergy, receptor desensitization, or antigen co-

engagement with sialic acid-binding immunoglobulin-like lectin (Siglecs) regulate 

peripheral tolerance of mature B cells.32-35  

 

B Cell Positive Selection via Differential CD19/BCR Signaling Pathways 

When it comes to thymic T cell development and selection, it has been 

thoroughly demonstrated double positive (DP) T cells require modest self-peptide-major 

histocompatibility complex (MHC) to TCR engagement to reach a threshold of tonic 

TCR signaling permissive for positive selection and transition into mature single positive 

(SP) CD4+ or CD8+ T cells.36 However, BCR engagement for immature B cell positive 
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selection remains controversial with the most/strongest evidence suggesting positive 

selection of immature B cells requires an unengaged BCR29. Here, it is non-self-reactive 

BCR that imparts tonic signaling to drive developmental progression and survival of 

immature B cells in a phosphoinositide 3-kinase (PI3K) dependent manner.25,29 BCR 

signaling is summarized in Figure 1.1. It has been suggested BCR engagement induces 

negative selection by impeding PI3K signaling while promoting the BLNK pathway.29 

This leads to BCR internalization and hindered AKT activity, which promotes 

transcription factor forkhead box protein O1 (FOXO1) nuclear translocation to drive 

continued RAG expression (for receptor editing) and developmental arrest of immature 

B cells. Alternatively, an innocuous BCR promotes basal tyrosine phosphorylation of the 

co-receptor CD19 by Src family kinases (SFKs), promoting PI3K/AKT activity, inhibiting 

FOXO1 nuclear translocation, turning off RAG expression and ceasing k/l L-chain 

recombination necessary for developmental progression; PI3K/AKT also activates the 

transcription factor, MYC, for cell survival.29,37,38 For positive selection, CD19 has been 

shown to play a significant role. 

 CD19 is a transmembrane glycoprotein first expressed in pro-B cells in the bone 

marrow during B cell development.11,39 It has been proven to be a critical BCR co-

receptor as CD19 knockout mice have greatly reduced B cell numbers, impaired B cell 

function, and defective immune responses.40,41 For immature B cells, lack of CD19  

results in loss of basal PI3K signaling which continued RAG expression and L-chain 

receptor editing, thus inhibiting positive selection.42 Phosphatase and tensin homologue 

(PTEN) opposes PI3K activity; subsequent studies demonstrated absence of PTEN 

activity reversed the effect of CD19 loss and promoted immature B cell positive 
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selection.43,44 As CD19 is expressed in pre-B cells, it has been demonstrated to be 

required for pre-BCR mediated positive selection as well.25,45 Holistically, CD19 

augments BCR signaling at multiple points during B cell development, maturation, and 

differentiation.45-47 CD19 also sustains tonic signaling necessary for the survival of naïve 

recirculating B cells, and can function as a signaling hub to crosstalk with multiple B cell 

receptors (e.g., TLRs, CD40, cytokine receptors) and influence B cell effector 

functions.48-50 

 

BCR Signaling Strength in B Cell Selection and Maturation 

Tonic BCR signaling is necessary for immature transitional T1 and T2 B cells in 

the bone marrow and spleen, whereas follicular (FO) and marginal zone (MZ) B cell 

maturation in the spleen is, in part, influenced by self-reactivity and BCR signaling 

strength.30 Strong BCR signaling drives FO B cell maturation, while modest BCR 

signaling drives MZ B cell maturation. Most mature B cells are recirculating FO B cells 

(>75%), reside in follicles adjacent to T cell zones, mount robust T cell-dependent 

responses to protein antigen, and have antigen presenting cell (APC) capabilities.30,51 

FO B cells also recirculate through the bone marrow where they can mount T-

independent responses to blood-borne pathogens.52 MZ B cells are the minority of the 

splenic B cell population (~15%), reside and are retained in the outer white pulp of the 

spleen, and respond vigorously to blood-borne pathogens in a T-independent manner. 

MZ B cells have characteristics similar to memory B cells in that they have pre-activated 

qualities and can self-renew.53  
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 A general model for how the spectrum of BCR signaling strength influences B 

cell development, selection, and maturation from low to high can be interpreted in this 

way: death by neglect (no signaling; loss of CD19/BCR/PI3K) < immature/T1/T2 (tonic 

CD19/BCR/PI3K signaling) < MZ (modest BCR self-reactivity) < FO (strong BCR self-

reactivity) < receptor editing or anergy < death by negative selection (extreme BCR self-

reactivity). Defining distinct boundaries between these BCR signaling requirements and 

their outcomes has been a challenge. However, our understanding is being improved as 

we assess how and when other extrinsic and intrinsic factors cooperate with BCR 

signaling to influence B cell homeostasis and activation. 

 

B Cells in Immune Responses 

Humoral Immunity 

While not a focus of this dissertation, humoral immunity will be briefly described. 

B cells are champions of the humoral immune response as they are the sole creators of 

infection fighting antibodies. Upon infection or immunization, humoral immunity can be 

generated through the germinal center (GC) reaction in secondary lymphoid organs 

(i.e., spleen, lymph nodes, Peyer’s patches).54 Here, class switch recombination (CSR) 

and somatic hypermutation (SHM) of immunoglobulin genes result in the progressive 

selection of high-affinity diversified antibodies secreted by short-lived plasmablasts, 

long-lived plasma cells, and memory B cells.54 The GC reaction is namely T cell-

dependent (TD) and begins when resting B cells identify and extract antigen onto their 

BCRs from follicular dendritic cells (FDCs).55 B cells internalize and process the antigen, 

migrate to the border between the B cell follicle and T cell zone, and present antigen 
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peptide-MHCII (pMHCII) to CD4+ helper T (TH) cells which then provide B cells CD40 

co-stimulation via CD154.56,57 This induces the activation and rapid proliferation of B 

cells, followed by an iterative process of CSR and SHM regulated by activation-induced 

cytidine deaminase (AID) to select for high-affinity BCRs and eliminate low-affinity 

ones.54 B cells expressing a high-affinity receptor exit the GC to differentiate into 

memory B cells or terminally differentiated plasma cells which secrete large amounts of 

antibody.57 Once antibody encounter their antigen on pathogens or infected cells, their 

functions include neutralization, inducing macrophage phagocytosis, antibody-

dependent cellular cytotoxicity, and complement-mediated elimination.58 

 

Toll-Like Receptor Activation of B Cells 

B cell activation and humoral immunity is also induced in a T cell-independent 

(TI) manner. While TD antigens are typically soluble proteins, or haptens conjugated to 

proteins, TI antigens are diverse and often comprised of repetitive epitopes.59 B cells 

sense TI antigens through a family of pattern-recognizing receptors (PRRs), the toll-like 

receptors (TLRs), which respond to various pathogen associated molecular patterns 

(PAMPs) like bacterial cell wall components, and bacterial or viral DNA and RNA.60 TLR 

signaling is summarized in Figure 1.2. Mouse B cells express TLR1, 2, 3, 4, 6, 7 and 9 

at various levels across different subsets.61 Lipopolysaccharide (LPS) is a potent mouse 

B cell mitogen, inducing activation via TLR462, and has been a useful tool in studying B 

cell activation and functional outcomes including antibody and cytokine production. TLR 

expression in human naïve B cells is low, whereas activated and memory B cells 

express TLR1, 2, 6, 7, and 9 at various levels.63-65 TLRs can also detect endogenous 
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damage-associated molecular patterns (DAMPs) released by damaged or dying cells 

during inflammation. For example, nuclear histone and high mobility group box 1 

(HMGB1) proteins can trigger TLR2 and TLR4 on B cells, as well as myeloid cells.66,67 

Evidence implicates DAMPs like HMGB1 play a significant role in chronic inflammation 

and autoimmune diseases like rheumatoid arthritis (RA), systemic lupus erythematosus 

(SLE), and multiple sclerosis (MS).68,69 

 

B Cells as Antigen Presenting Cells (APCs) and Cytokine Producers 

While B cells are best known for their antibody producing functions, they also 

influence immune responses via their APC and cytokine secreting capabilities. B cell 

proliferation, germinal center antibody affinity maturation, and engagement with CD4+ 

TH cells is proportional to the volume of antigen acquired and presented on MHCII.70,71 

Furthermore, generation and survival of memory CD4+ TH cells is suggested to be 

reliant on B cell antigen presentation.72 In order to present antigen as an APC, B cells 

must first acquire antigen, usually from a different APC (i.e., FDCs).73 After antigen 

induced BCR clustering occurs, an immunological synapse forms with the APC in which 

B cells extract antigen for internalization via a combination of mechanical force and 

secretion of lysosomal proteases and lipases.74-76 Endocytosed antigen are 

intracellularly trafficked to antigen-processing compartments for proteolytic degradation, 

yielding antigen peptide which is loaded onto MHCII; pMHCII carrying vesicles are then 

trafficked to the cell surface where they associate with TCRs on CD4+ TH cells.77 

Accompanying pMHCII-TCR engagement, B cells provide co-stimulation via CD80 

and/or CD86. CD80 and CD86 are part of the B7 family of co-stimulatory ligands which 
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interact with CD28/CTLA-4 co-activating/inhibitory receptors on T cells.78 On B cells, 

CD86 is induced early and rapidly, while CD80 is induced later and more slowly.79,80  

B cells harbor both pro- and anti-inflammatory roles as cytokine secretors. They 

can produce IL-12, IL-6, tumor necrosis factor (TNF)a, and lymphotoxin (LT)a to drive 

TH1/TH17 cell-mediated responses, IL-4 to drive TH2 humoral responses, and IL-10 and 

transforming growth factor (TGF)b to drive anti-inflammatory TREG responses.81 B cell 

derived cytokines can also influence dendritic cell and macrophage activation and 

function.82 Overall, B cells play a pivotal and multifaceted role in influencing the 

dynamics of a range of immune responses, making them a popular target for 

development of immunomodulatory therapies. 

 

B Cells in MS and EAE 

MS is the most common autoimmune disease of the central nervous system, 

characterized by inflammatory demyelination and neurodegeneration83. Long-standing 

evidence from animal models of MS, particularly experimental autoimmune 

encephalomyelitis (EAE), implicate CD4+ T cells and their differentiation into pro-

inflammatory TH1 and TH17 cells as predominant contributors in inflammatory 

demyelination84,85. TH1 and TH17 responses are also observed in MS patients86,87. 

Genetic analysis in MS signifies immune system involvement in promoting disease 

development, including T cell growth factors (IL-2, IL-7 pathways) and their 

differentiation into pro-inflammatory TH1 and TH17 cells versus anti-inflammatory T 

regulatory cells.88-92 The strongest genetic risk factor for MS are variants of the 

molecules that present antigen to T cells, namely the human leukocyte antigen (HLA) 
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complex.88,93 Moreover, the dominant role of T cells in MS has been challenged by the 

powerful therapeutic activity of B cell depleting therapies in MS94, with one of the 

earliest clinical trials demonstrating mouse-human chimeric anti-CD20 monoclonal 

antibody rituximab virtually eliminating brain inflammatory lesions in relapse-remitting 

(RR) MS patients.95 More recently, the newer and humanized anti-CD20 monoclonal 

antibody ocrelizumab is shown to be superior than commonly prescribed high-dose 

interferon-β-1a (Rebif) at reducing relapse rates in RRMS, as well as improving 

prognosis in progressive MS.96,97  

The therapeutic benefit of B cell depletion in MS has stirred up immense curiosity 

amongst immunologists, who are attempting to better define B cell mechanisms of 

action in the disease. B cell aggregates have been found in ectopic lymphoid structures 

(ELSs) in the meninges of MS patients, suggesting B cells help form and/or perpetuate 

localized inflammatory lesions in the CNS.98,99 Aberrant humoral responses in MS have 

been implicated for decades, and the presence of cerebrospinal fluid (CSF) antibody 

oligoclonal bands is used as a diagnostic100. Neuronal myelin targeting autoantibodies 

in CSF have been identified, and antibody mediated complement activation associated 

with myelin membrane disintegration observed in inflammatory lesions.101-103 B cell 

depleting anti-CD20 therapy, however, does not seem to affect antibody production, 

evidenced by unchanged IgG concentration, IgG index, IgG synthesis rate or oligoclonal 

band number in the CSF of treated MS patients.95,104 Thus, it is B cell antigen 

presentation to CD4+ T cells that is suggested to predominantly drive autoimmunity in 

MS, as anti-CD20 therapy reduces pro-inflammatory TH1 and TH17 responses as well 

as B and T cell numbers in CSF.95,104,105 Results from EAE supports this conclusion, 
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with B cells promoting TH1 and/or TH17 responses as well as inflammatory 

demyelination via their APC and cytokine secreting function rather than through 

antibody production.106-110 B cells from MS patients were demonstrated to produce more 

pro-inflammatory TNFa and LTa in response to TLR9 agonist or TH1 derived IFNg.111 B 

cells may also play an important role in MS via TLR4 and/or TLR2 signaling mediated 

alterations in anti-inflammatory IL-10 production112-114, a cytokine utilized by B cells to 

inhibit autoimmunity.115 

 

The N-glycan Branching Pathway 

Essentially all eukaryotic cell surfaces are surrounded by a thick (~100 nm) 

molecular network of sugars, or glycans, and sugar binding proteins.116 This structure is 

called the glycocalyx, is ten times wider than the plasma membrane, and contains a 

dynamic mixture of glycolipids, glycoproteins, and proteoglycans. The glycan structures 

covalently attached to glycoproteins vary significantly in number, size, and complexity, 

yet in contrast to the genome and transcriptome, the glycome is not template driven.117 

Increased understanding of the influence glycans have in intra- and inter-cellular 

interactions is continuing to provide researchers insight on the unique role of the highly 

heterogenous glycome in biology and diseases. 

The majority of key cell surface receptors, transporters, and ligands are co- and 

post-translationally modified with asparagine (N)-linked and serine/threonine (O)-linked 

glycans. Cell surface N-glycans serve as ligands for various multivalent carbohydrate 

binding protein families, including galectins, Siglecs, and selectins, all of which are 

important in immune cell responses. N-glycan biosynthesis begins in the endoplasmic 
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reticulum (ER) and continues through the Golgi apparatus where it’s controlled by the 

activity of glycohydrolases and glycosyltransferases, as well as the availability of 

nutrients and supply of metabolic substrates.118,119 N-glycan branching is depicted in 

Figure 1.3. The transfer of a pre-assembled glycan, Glc3Man9GlcNAc2, to the 

asparagine residue of Asn-X-Ser/Thr (NXS/T, X≠P) motifs by oligosaccharyltransferase 

in the ER initiates the process. After trimming two glucose (Glc) units, calnexin and 

calreticulin bind to Glc1Man9GlcNAc2, and the remaining Glc residue is recycled until 

folding is complete120. The glycan is then extensively modified by the removal of 

mannose (Man) residues and addition of N-acetylglucosamine (GlcNAc) units during 

transit through the Golgi. Here, the N-acetylglucosaminyltransferase enzymes (Mgat1, 

Mgat2, Mgat4a/b, and Mgat5) act in a sequential order to initiate branching by adding 

GlcNAc from uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) onto Man 

residues, forming N-glycan intermediates. GlcNAc branches can be extended with a 

galactose (Gal) by galactosyltransferase-3 (GalT3) to form N-acetyllactosamine 

(LacNAc) units, a disaccharide that is the binding ligand for galectins. Branches can be 

repeatedly extended to give poly-LacNAc via alternating action of β1,3-N-

acetylglucosaminyltransferase-2 (β3GnT2, or “little I” iGnT) and GalT3 enzymes, 

terminally capped with sialic acid, or modified with fucose and/or sulfate.118-122 Plant 

lectins are useful tools in gauging N-glycan levels. For example, phaseolus vulgaris 

leucoagglutinin (L-PHA), binds the product of Mgat5 (i.e., β1,6 branched N-glycans), 

and is used to measure degree of branching. Additionally, lycopersicon esculentum 

agglutinin (LEA) binds poly-LacNAc units (i.e., three linear LacNAcs) and is used to 

assess extension of branches. 
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The importance of the N-glycan branching pathway is exemplified in the 

manifestation of N-glycan deficiency outcomes. Notably, germline deletion of Mgat1 is 

embryonic lethal at day 9 in mice.123 Humans with homozygous recessive mutations in 

the Mgat2 catalytic domain have what is named congenital disorder of glycosylation 

type IIa (CDG-IIa) that results in a childhood disease displaying dysmorphic facial 

features, feeding difficulties, and mental retardation.124 Many groups continue to study 

N-glycan deficiencies in different biological contexts. Our group investigates how N-

glycan branching abnormalities affect immune cell function and the outcome of 

autoimmune diseases. A primary focus of our work is on how altering N-glycan 

branching ultimately affects the integrity of the galectin-glycoprotein lattice. 

 

The Galectin-Glycoprotein Lattice 

Galectins are a ubiquitously expressed group of sugar binding proteins that are 

generated in the cytosol and secreted to the cell surface via a non-classical pathway.125 

Each galectin has a single carbohydrate recognition domain (CRD) which binds LacNAc 

units on glycans.126 They form several quaternary protein structures – prototypical 

homodimers, tandem-repeat dimers, and chimeric type oligomers. Galectin-3, which is 

heavily studied in the context of immunity, is the only chimeric type galectin and usually 

exists as a pentamer.127 Galectin-glycoprotein interactions lead to the formation of 

microdomains, or molecular “lattices”, on the cell surface.125,127,128 This functions to 

regulate receptors via their membrane localization, lateral movement, clustering, and 

surface retention.128-138 Thus, the galectin-glycoprotein lattice controls the steady-state, 

activation, growth arrest, and differentiation of cells by facilitating ligand-receptor 
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sensitivity in order to affect signaling strength. In immunity, mounting evidence has 

established galectins as important regulators of immune cell homeostasis, inflammation, 

cancer, and autoimmunity.139-142 

The stability of the galectin-glycoprotein lattice is established by both genetic and 

metabolic factors yielding binding avidities between galectins and glycoproteins which is 

proportional to LacNAc quantity on the attached glycans. This is determined by the 

number of available and occupied N-glycan sites (i.e., genetically encoded NXS/T 

motifs, X≠P), the degree of N-glycan branching, and/or poly-LacNAc extended 

branching.117,129,143 The degree of branching and poly-LacNAc extensions are 

dependent on the expression and efficiency of Golgi enzymes (i.e., Mgat1-5, 

b3GNT/GalT) and availability of their respective substrates (e.g., UDP-GlcNAc supplied 

by the hexosamine pathway). More branching/poly-LacNAc increases galectin binding 

avidity and the integrity of the galectin-glycoprotein lattice. Conversely, the lattice is 

weakened when fewer branches/poly-LacNAc are present, and this dysregulates 

receptor signaling due to enhanced clustering and/or altered surface retention which 

contribute to disease states.117,125,127-131,135,144-148 

The role of both galectins and glycosylation have been focus of intense study. 

Considering galectins are a family of 15 proteins, and the number and variation of 

glycans is extremely vast, compensatory/redundant functions are expected among both. 

Nonetheless, when examining in vivo phenotypes, interpretations of results for studies 

on galectins are complicated by whether outcomes are cell intrinsic or extrinsic because 

galectins are secreted and free to diffuse in extracellular space. The advantage of 

studying N-glycosylation is that it is cell intrinsic as glycans are covalently attached to 
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the cell. While progress has been made in characterizing how specific glycoproteins 

interact with the lattice, determining the effects of N-glycan branching on every 

individual glycoprotein for every cell type would be a long and challenging endeavor. 

Therefore, we investigate, and are able to appreciate, how N-glycan branching 

holistically sets lattice thresholds to deliver concerted consequences for cellular 

outcomes.  

 

N-glycan Branching Regulates T Cells 

T cell activation, proliferation, and inhibition must be carefully controlled to 

maximize efficacy while preventing aberrant immune responses. TCR complex signaling 

above a certain threshold is determined by concurrent peptide-MHC (pMHC) and CD28 

co-receptor engagement at the immune synapse.149 We have reported on how the 

galectin-glycoprotein lattice regulates basal, activation, and arrest signaling to control T 

cell growth, block pro-inflammatory TH1/TH17 differentiation, and promote 

humoral/immunomodulatory TH2 and anti-inflammatory iTREG differentiation.150 

Multivalent galectin binding to the N-glycans of the TCR complex inhibits spontaneous 

clustering of TCRs to prevent unwarranted T cell activation and growth.128,131,151 

However, mice deficient in the Golgi N-glycan branching enzymes Mgat5, Mgat2, 

Mgat1, or in poly-LacNAc generating β3GnT2 have reduced thresholds to TCR 

clustering in proportion to their loss of LacNAc ligand, hyperactivating T cells and 

promoting autoimmune disease.128,143,152 Similarly, removal of N-glycan encoded sites in 

the TCR results in increased TCR diffusion, clustering, and activation.153 In this manner, 
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N-glycan branching proportionally defines the limits of affinity from which pMHC-TCR 

interactions trigger T cell activation.  

Inhibitory regulators of the T cell response are critical for T cell growth arrest, 

differentiation and self-tolerance.149 Cytotoxic T-lymphocyte associated protein 4 

(CTLA-4) is an inhibitory receptor that competes with CD28 for CD80/CD86 co-

stimulatory ligand on antigen presenting cells (APCs) and is induced to the cell surface 

4-5 days after T cell activation to initiate growth arrest.154 Transcription levels and 

intracellular stores of CTLA-4 protein increase with TCR signaling during early T cell 

growth, but  endosomal trafficking limits CTLA-4 surface expression and, therefore, it is 

predominantly located in endosomes. Galectin binding to branched N-glycans on CTLA-

4 enhances surface retention by opposing endocytic loss of CTLA-4, increasing and 

sustaining growth arrest signaling.129  

Increasing TCR signal strength promotes pro-inflammatory TH1 and inhibits 

humoral/immunomodulatory TH2 differentiation.155,156 Under neutral conditions (i.e., 

absence of exogenous polarizing cytokines), N-glycan branching induces differentiation 

of CD4+ T cells into TH2 (IL-4 secreting) cells while suppressing TH1 (IFNg secreting) 

differentiation.157 Furthermore, N-glycan branching is essential for the induction of 

immunosuppressive TREG cells, with loss of branching (i.e., Mgat1 deletion) virtually 

eliminating the ability of CD4+ T cells to differentiate into TREG cells.158 Here, N-glycan 

branching drives iTREG differentiation by promoting IL-2Rα (or CD25) surface expression 

and signaling in CD4+ T cell blasts. N-glycan branching is also a critical suppressor of 

pro-inflammatory TH17 differentiation.158 We found TH17 inducing cytokines (TGFβ+IL-

6+IL-23) markedly down-regulated branching in CD4+ T cell blasts, consequently 
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lowering IL-2Rα surface expression and associated IL-2 signaling to drive TH17 over 

iTREG differentiation. Notably, reversing the lowered branching caused by TH17 induction 

with GlcNAc supplementation not only blocks TH17 differentiation, but induces a cell fate 

switch to iTREG by restoring IL-2Rα (CD25) surface retention and signaling.158 

Consistent with being a critical negative regulator of pro-inflammatory T cell function, N-

glycan branching deficiency promotes neuroinflammation in mouse models128,146,147,159 

and humans with multiple sclerosis160-162. 

 

N-glycan Branching in T Cell Positive Selection 

As previously mentioned, T cells develop similarly to B cells – they undergo 

developmental checkpoints involving the rearrangement, pairing, and expression of the 

TCR a/b (and to a lesser extent, g/d) loci.163 T cell development begins when common 

lymphoid progenitor (CLP) cells migrate to and seed the thymus. They continue through 

four CD4-CD8- double negative (DN) stages (DN1-DN4) prior to becoming CD4+CD8+ 

double positive (DP) thymocytes that express surface TCR which are screened for 

reactivity against self-pMHC.164 DP thymocytes either die by neglect when 

lacking/insufficient TCR engagement occurs, or negative selection when TCR 

engagement is too strong – thus, intermediate TCR signaling strength allows DP 

thymocytes to be positively selected and mature into single positive (SP) CD4+ or CD8+ 

T cells.164 

 Zhou et al. from our group demonstrated N-glycan branching regulates thymic 

positive selection by bi-directionally defining the boundaries of pMHC-TCR affinity.151 

Using a T cell specific (Lck driven cre) knockout of Mgat1, we observed reduced thymic 
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and splenic T cell numbers due to enhanced cell death. Mgat1 deletion enhanced 

thymocyte death by neglect resulted from decreased CD4/CD8 co-receptor surface 

retention (i.e., enhanced CD4/CD8 endocytosis) and reduced Lck induced Erk signaling, 

which are important for augmenting low affinity TCR engagement. N-glycan deficient 

thymocytes simultaneously exhibited increased death by negative selection due to 

excessive Ca2+ flux driven by enhanced TCR clustering. In summary, N-glycan 

branching provides a mechanism for decoupling CD4/CD8 co-receptor and TCR 

signaling to maintain the appropriate range of TCR complex signal intensity necessary 

for thymocyte positive selection and generation of functional circulating CD4+ and CD8+ 

T cells. 

 

Regulation of B cells by Glycosylation and Galectins 

Glycosylation and Galectins in B Cell Development, Tolerance, and Maturation 

The sialic acid-binding immunoglobulin-type lectin (Siglec) and inhibitory co-

receptor, CD22, has been shown to have a role in B cell maturation and tolerance. b-

galactoside a-2,6-sialyltransferase 1 (ST6Gal1) adds sialic acid to terminal galactose 

residues on N-glycans, a ligand for CD22.165  Ligand cis interactions mask CD22, but 

when its ligand is absent due to ST6Gal1 deficiency, CD22 downregulates BCR 

signaling by recruiting and activating Src homology region 2 domain-containing 

phosphatase-1 (SHP-1) to its immunoreceptor tyrosine-based inhibition motifs 

(ITIMs).166 Removing CD22 enhances BCR signaling, reverses effects of ST6Gal1 loss, 

and alone can hyper-activate B cells.166,167 CD22 is initially expressed at low levels on 

the surface of pre-B cells, however implications of expression at this stage are unclear 
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since early B cell development is normal in CD22-/- mice.168,169 CD22 expression is 

upregulated to higher levels on immature/transitional B cells, and remains high on 

mature B cells with highest expression on MZ precursors.170,171 Notably, CD22-/- mice 

are MZ B cell deficient, while FO B cells are unaffected, suggesting enhanced BCR 

signaling in CD22-/- B cells bypass the weaker signaling needed for MZ B cell 

maturation.172 Siglec-G is another inhibitory coreceptor on B cells primarily expressed 

on innate-like B1 cells predominantly residing in the peritoneal cavity.173 The importance 

of siglec regulation of B cell tolerance is demonstrated by CD22-/- x Siglec-G-/- mice that 

develop autoantibodies and spontaneous systemic autoimmunity.174 Multimeric T-

independent antigens coated with a2,6- and a2,3-linked sialic acid (CD22/Siglec-G 

ligands) lose immunogenicity and can induce tolerance to the same non-sialylated 

antigen, suggesting B cells use siglecs to screen for sialic acid ligands in trans as a 

mechanism to distinguish between self and nonself.32 ST6Gal1 functions intrinsically in 

Golgi, but a significant amount is also found in extracellular spaces where it can 

extrinsically sialylate glycans.175 A recent report suggests B cell intrinsic versus extrinsic 

ST6Gal1 mediated sialylation has differential effects on B cell development – intrinsic 

ST6Gal1 activity is necessary for MZ B cell maturation, whereas extrinsic activity 

promotes T1 B cell development in bone marrow and spleen.176 

Other studies showed the importance of glycosylation in pre-BCR assembly, in 

which defects resulted in developmental arrest. The µ H-chain has five potential N-

glycosylation sites, and one of them (N46) was shown to be required for pairing with the 

surrogate L-chain in order to induce pre-BCR signaling.177 Core fucosylation of the N-

glycans on the pre-BCR µ H-chain is also important for surrogate L-chain pairing. Pro-B 
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cells from mice deficient in a1,6-fucosyltransferase (Fut8), which attaches fucose to the 

innermost GlcNAc residue of hybrid/complex N-glycans via an a1,6-linkage, failed to 

join surrogate L-chain with µ H-chain for pre-BCR formation.178  

Galectins also play a role in B cell development. Interestingly, galectin- (Gal-)1 

has been proposed to regulate pre-BCR signaling through glycan dependent and 

independent binding.179-183 In the bone marrow, small pre-B cells are localized in niches 

with Gal-1 secreting stromal cells.182 At the pre-B cell to stromal cell interface, Gal-1 

simultaneously binds to the surrogate L-chain of the pre-BCR via protein-protein 

interactions and to glycosylated integrins via protein-glycan interactions.179-181 Through 

this mechanism, Gal-1 serves as a ligand to induce pre-BCR clustering and signaling for 

developmental progression.183 Notably, Gal-1-/- mice only have slightly impaired B cell 

development. Only when bone marrow B cell development was disrupted was the slow 

reconstitution of small pre-B cells observed, suggesting other factors inherently 

compensate for Gal-1 loss.183 Recent evidence suggests Gal-3 plays a role in B cell 

development, as well. Gal-3-/- mice have greater numbers of pro-B cells, which 

displayed elevated surface levels of IL-7R; this suggests higher IL-7R signaling due to 

Gal-3 loss leads to developmental arrest at the pro-B cell stage.184  

 

Glycosylation and Galectins in B Cell Activation and Peripheral Functions 

Most of what is known about glycosylation in B cells is in the context of sialylation 

and Siglecs (i.e., CD22) as mentioned above. While CD22 is primarily recognized as an 

inhibitory receptor with its four ITIMs and recruitment of SHP-1, a few studies suggest it 

regulates B cell survival and proliferation via Grb2 recruitment to a specific non-ITIM 
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motif and activation of a MAPK pathway depending on the context of stimulation.185-188 

The CD22 ligand (a2,6-linked sialic acid) is expressed on itself, surface IgM/IgD, CD45, 

and CD19, so CD22 can interact with other CD22s or other cis glycoproteins.166 Protein-

glycan crosslinking of steady-state B cells revealed CD22-CD22 associations form 

homomultimeric complexes, limiting its interaction with other receptors.189 Advanced 

super-resolution microscopy and single particle tracking showed CD22 was in highly 

mobile nanoclusters that rapidly diffused across the cell membrane.190 CD22 

nanocluster formation was dependent on surface CD45 abundance – less CD45 led to 

bigger and slower CD22 nanoclusters due to reduced CD45 sialylated glycans 

enhancing CD22-CD22 associations. CD22 nanoclusters moved 4-5 times faster than 

surface IgD and CD19, and two times faster than surface IgM. In this manner, CD22 

can quickly and globally survey BCR complexes to regulate tonic signaling and balance 

activation/inhibitory signaling upon B cell stimulation in the periphery. 

 CD22 also regulates TLR responses. Upon TLR3, 4, 7, and 9 stimulation CD22-/- 

B cells display a hyperactivated phenotype marked by increased proliferation and 

expression of MHCII and CD86.168,191 Reports have also shown a role for CD22 in 

regulating T-dependent antibody responses168,192,193, germinal center (GC) B cell 

formation194, and memory B cell generation195-197. Similarly, ST6Gal1-/- mice have 

weakened antibody responses to influenza.198  

CD22 has been heavily implicated in auto-antibody mediated diseases. A 

significant number of CD22-/- mice aged >8 months had high titers of high affinity anti-

DNA IgG and shorter life spans.199 In mice, three CD22 alleles (i.e., CD22a, CD22b, 

CD22c) have been identified, with CD22a and CD22c found to be expressed in lupus-
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prone strains.200-202 CD22a and CD22c result in less CD22 expression and CD22 protein 

less efficiently binding a2,6-linked sialic acid compared to the non-autoimmune CD22b 

allele. In humans, CD22 polymorphisms are linked to SLE, RA, and cutaneous systemic 

sclerosis (SSc).203,204 Apoptotic cells have been reported to lose surface a2,3- and 

a2,6-linked sialic acid.205 Here, trans CD22 binding is lost, consequently reducing B cell 

self-tolerance; this could be a mechanism of SLE pathogenesis, in which inadequate 

apoptotic/necrotic cell clearance invokes aberrant B cell responses.206 

 Recently, Giovannone et al. examined human naïve, GC, and memory B cells by 

whole glycome mass spectrometry.207 They found tri- and tetra-antennary complex N-

glycans containing poly-LacNAc on all three B cell subsets. Uniquely, only GC B cells 

harbored poly-LacNAcs with internal β1,6-linked LacNAc, termed “I-branches”, which 

are catalyzed by β1,6-N-acetylglucosaminyltransferase-2 (β6GnT2, or “big I” IGnT).207 

They further demonstrated the consequence of N-glycan I-branches inhibits Gal-3 and 

Gal-9 binding on the surface of GC B cells. Gal-3 and Gal-9 suppress B cell 

activation208, and preventing association on GC B cells is mechanistically conducive to 

their proliferating state.  

 Gal-1, -3, -9, and -8 play a role in B cell activation and function. Certain studies 

showed Gal-1 stimulates B cells in a manner comparable to BCR stimulation as seen by 

activation of similar downstream signaling pathways, induced Ca2+ flux, proliferation, 

and upregulation of CD69 and CD86.209,210 However, other studies showed Gal-1 

suppressed B cell activation211,212, so the effects of Gal-1 on B cell function may be 

complex and context dependent, and possibly confounded by extrinsic Gal-1 secreted 

by other cells. Gal-3 is suggested to suppress B cell activation as Gal-3-/- mice have 
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spontaneous GC formation and higher titers of IgG2c and IgG3.213 This was shown to 

be B cell intrinsic since adoptive transfer of Gal-3-/- B cells into B cell knockout mice had 

similar in vivo outcomes. Gal-9 has recently been shown to suppress B cell 

activity.207,214,215 Gal-9-/- mice immunized with influenza were reported to have elevated 

circulating viral-specific antibodies compared to controls; CD8+ T cells also responded 

more robustly in this model, demonstrating Gal-9 extrinsic effect.216 Gal-8 is reported to 

induce B cell arrest, limits mobility in order to enhance proteolytic extraction of antigens, 

and bolsters antigen presentation of B cells to CD4+ T cells.217  

 

 A growing body of evidence is establishing the importance of glycosylation in B 

cell development, tolerance, and peripheral functions. However, while we have shown 

how N-glycan branching regulates T cells, almost nothing is known in regards to B cells. 

For the first time, we have demonstrated how degree of N-glycan branching regulates B 

cell positive selection and maturation, as well as coupling of innate (TLR) and adaptive 

(CD19/BCR) signaling in the periphery with implications in autoimmunity.  
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Figure 1.1. CD19/BCR signaling. At rest, a B cell’s BCR Iga/Igb units are weakly bound by 
SFKs. Antigen engagement induces conformational changes that allows Iga/Igb ITAM 
phosphorylation by SFKs and the concurrent (1) recruitment and activation of SYK, and (2) 
tyrosine phosphorylation of the cytoplasmic tail of CD19.218 Phosphorylated CD19 and/or BCAP 
recruits and activates PI3K which phosphorylates PIP2 to generate PIP3.37,219 PIP3 recruits AKT, 
PDK1, BTK and other enzymes to propagate downstream signaling. In another pathway, BLNK 
is phosphorylated by SFK/SYK and recruits PLCg2.220 Activated PLCg2 induces 
Ca2+ mobilization by hydrolyzing PIP2 to DAG and InsP3 which engage IP3R to open the 
Ca2+ channel ORAI. This activates calcineurin and the nuclear translocation of NFAT. In parallel, 
DAG recruits and activates PKC, which ultimately results in NF-κB and AP-1 nuclear 
translocation. Abbreviations: SFK, Src family kinases; SYK, spleen tyrosine kinase; BCAP, 
protein B cell adaptor for PI3K; PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, 
phosphatidylinositol-3,4,5-trisphosphate; AKT, protein kinase B; PDK1, phosphoinositide-
dependent protein kinase 1; BTK, Bruton's tyrosine kinase; BLNK, B cell linker protein; PLCg2, 
phospholipase Cg2; VAV, guanine nucleotide exchange factor; GRB2, growth factor receptor-
bound protein 2; DAG, diacylglycerol; IP3, inositol-1,4,5-trisphosphate; IP3R, InsP3 receptor; 
NFAT, nuclear factor of activated T cells; PKC, protein kinase C; RASGRP, RAS guanyl-
releasing protein; NF-κB, nuclear factor-κB; AP-1, activator protein 1; SOS1, guanine nucleotide 
exchange factor son of sevenless 1; RAS, a small GTPase; RAF1, a serine kinase; MEK, 
MAPK/ERK kinase; ERK, extracellular signal-regulated kinases; PTEN, phosphatase and tensin 
homologue; ER, endoplasmic reticulum; STIM1, stromal interaction molecule 1.  
Image © David Nemazee. Nature Reviews Immunology Volume 17, pages 281–294 (2017) 
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Figure 1.2. TLR signaling.  TLRs are comprised of extracellular domains of LRRs and 
intracellular TIR domains.221 TLRs 1, 2, 4, 5, and 6 are expressed on the cell surface and TLRs 
3, 7, 8, and 9 exist in endosomes. Upon ligand binding, TLR4 can be endocytosed (mediated by 
CD14 on myeloid cells222) and signal from endosomes; MD2 is required for optimal TLR4 
signaling223. TLRs either homo- or hetero-dimerize upon ligand binding; this induces 
conformational changes that allow the intracellular recruitment of adaptor proteins (i.e., TIRAP, 
MyD88, TRIF, TRAM) for signal transduction. TLR TIR and adaptor protein TIR domain 
association is required for signaling. Surface TLR signaling proceeds through a MyD88-
dependant pathway to activating MAPKs (e.g., p38), AP-1, and canonical NF-kB for pro-
inflammatory cytokine and co-stimulatory molecule expression.224 Endosomal TLR signaling 
may proceed towards MyD88/AP-1/NF-kB activation, or towards TRAF3 mediated activation of 
IRF3 or IRF7 for type-1 interferon (IFNa/b) expression for viral clearance.225 Endosomal TLR4 
signaling is also suggested to result in anti-inflammatory IL-10 production.226 Abbreviations: 
TLR, toll-like receptor; LRR, leucine-rich repeat; CD14, cluster of differentiation 14; MD2, 
lymphocyte antigen 96; TIR, toll/interleukin-1 receptor; TIRAP, TIR domain-containing adaptor 
protein; MyD88, myeloid differentiation factor 88; TRIF, TIR domain-containing adaptor-inducing 
IFN-β; TRAM, TRIF-related adaptor molecule; MAPK, mitogen-activated protein kinase; AP-1, 
activator protein 1; NF-kB, nuclear factor-κB; IRF, interferon-regulatory factor; IL-10, interleukin-
10. 
Image © Yang, L. and Seki, E. Frontiers in Physiology Volume 3, Issue 138 (2012)  
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Figure 1.3. The N-glycosylation branching pathway. Oligosaccharyltransferase (OT) 
transfers a pre-assembled glycan, Glc3Man9GlcNAc2, onto Asp-X-Ser-Thr (X¹Pro) motifs on 
glycoproteins in the endoplasmic reticulum (ER). This glycan is extensively modified as 
glycoproteins transit through the Golgi by mannosidases (MI/MII) and the N-
acetylglucosaminyltransferase (Mgat) enzymes, which act sequentially to generate N-
acetylglucosamone (GlcNAc) branched N-glycans with increasing avidities for galectins. Mgat1, 
2, 4, and 5 catalyze N-glycan branching using the same sugar-nucleotide donor (i.e. UDP-
GlcNAc) but with declining efficiency (i.e., reducing Km). GalT and iGnT extend branches to 
create N-acetyllactosamine (LacNAc) which can also be bound by galectins. Small molecule 
inhibitors (KIF/SW) can be used to eliminate/reduce branching. Plant lectins L-PHA and LEA 
binding sites are indicated. Abbreviations: OT, oligosaccharyltransferase; GI, glucosidase I; GII, 
glucosidase II; MI, mannosidase I; MII, mannosidase II; Mgat, N-acetylglucosaminyltransferase; 
GalT3, Galactosyltransferase 3; iGnT, little “i” b-1,3-N-acetylglucosaminyltransferase; KIF, 
kifunensine; SW, swainsonine; UDP, uridine diphosphate; UMP, uridine monophosphate 
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Chapter 2 

N-glycan Branching is Required for B Cell Positive Selection 
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SUMMARY 

Cell function and differentiation is dynamically controlled by the branching, 

extension and number of complex Asn (N) linked-glycans per protein molecule. 

Branched N-glycans regulate binding to the galectin family of lectins, forming a cell-

surface galectin-glycoprotein lattice that controls the distribution, clustering, endocytosis 

and signaling of surface glycoproteins in a coordinated manner. During T cell 

development, N-glycan branching is absolutely required for positive selection of 

thymocytes, inhibiting both death by neglect and negative selection via enhanced 

surface retention of the CD4/CD8 co-receptors and limiting TCR clustering/signaling, 

respectively. In B cells, galectins have been implicated in inhibiting B cell receptor 

(BCR) signaling in mature B cells but promoting pre-B cell receptor signaling during 

early development. Here we report that N-glycan branching is absolutely required for 

positive selection of B cells. Elimination of branched N-glycans in developing B cells via 

targeted deletion of N-acetylglucosaminyl transferase I (Mgat1) markedly reduced 

cellularity in the bone marrow and spleen, and blocked B cell maturation. Branching 

deficiency induced spontaneous death of bone marrow derived B220+IgM+ cells in vitro, 

a phenotype rescued by low dose BCR stimulation and exacerbated by high dose BCR 

stimulation. Over-expression of anti-apoptotic BclxL and deletion of pro-apoptotic Bim 

failed to rescue death. Branching deficiency markedly lowered surface expression of the 

BCR co-receptor CD19 and enhanced Nur77 induction. Thus, N-glycan branching 

promotes positive selection of B cells by augmenting BCR signaling via CD19 surface 

retention and concurrently limiting negative selection from excessive BCR engagement, 

paralleling activity in T cells.  
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INTRODUCTION 

T and B cells (or lymphocytes) undergo similar developmental events and 

checkpoints that involve the dynamic expression of transcription factors, response to 

extracellular environmental cues such as cytokines, and the somatic rearrangement, 

expression, and screening of their antigen receptors in order to generate a functionally 

diverse, self-tolerant lymphocyte repertoire1-4. Abnormalities in lymphocyte development 

and selection give rise to congenital immunodeficiencies, leukemias/lymphomas, and 

autoimmune diseases.5 In the bone marrow, developing B cells rearrange 

immunoglobulin (Ig) µ heavy (H)-chain and light (L)-chain genes to express surface 

bound IgM that complexes with immunoreceptor tyrosine-based activation motif (ITAM) 

containing Iga and Igb (CD79A and CD79B) signaling proteins to form the B cell 

receptor (BCR) on immature B cells6-11. BCR binding to antigen directs immature B cell 

fate – when the BCR is engaged by self-antigen, immature B cells die by clonal deletion 

(negative selection by apoptosis) or undergo receptor editing (continuous L-chain 

rearrangement) to reduce/eliminate autoreactivity12. Immature B cells expressing a self-

tolerant BCR continue through transitional developmental stages (T1 and T2) in the 

bone marrow and the spleen, but predominantly continue maturation into follicular (FO) 

or marginal zone (MZ) B cells in the spleen and co-express surface bound IgM and 

IgD.13 About 25% of developing B cells can become mature B cells in the bone 

marrow.14 Unengaged BCRs induce tonic signaling to drive developmental progression 

and survival of immature B cells in a CD19 dependent manner15. CD19 is a 

transmembrane glycoprotein first expressed in pro-B cells in the bone marrow and 

augments BCR signaling at multiple points during B cell development, maturation, and 
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differentiation16-20. Mice with targeted deletion of CD19 have greatly reduced B cell 

numbers, impaired B cell function, and defective immune responses21,22.  

The branching of Asparagine (N)-linked glycans with N-acetylglucosamine by the 

N-acetylglucosaminyl transferases Mgat1, Mgat2, Mgat4a/b and Mgat5 sequentially 

increase production of ligands for the galectin family of sugar-binding proteins23,24. At 

the cell surface, interactions of galectins with branched N-glycans attached to 

glycoproteins generates a macromolecular lattice, thereby controlling receptor 

localization, mobility, clustering, and surface retention to impact cell 

function/differentiation and disease states25-33. Our group demonstrated that N-glycan 

branching regulates thymic positive selection by defining the upper and lower bounds of 

TCR affinity for peptide-MHC33. Using a T cell specific (Lck driven cre) knockout of the 

N-glycan branching enzyme Mgat1, we observed markedly reduced thymic and splenic 

T cell numbers. Mgat1 deletion enhanced thymocyte death by neglect via decreased 

CD4/CD8 co-receptor surface retention (i.e., enhanced CD4/CD8 endocytosis) and 

associated reduced Lck induced Erk signaling, which are important for augmenting low 

affinity TCR engagement. N-glycan deficient thymocytes simultaneously exhibited 

increased death by negative selection due to excessive Ca2+ flux driven by enhanced 

TCR clustering. Thus, during T cell development N-glycan branching provides a 

mechanism for decoupling CD4/CD8 co-receptor and TCR signaling to maintain the 

appropriate range of TCR signal intensity necessary for thymocyte positive selection 

and generation of functional circulating CD4+ and CD8+ T cells. 

 Various studies have demonstrated glycosylation to be important in B cell 

development, selection, and maturation. This includes the sialic acid-binding 
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immunoglobulin-type lectin (Siglec) and B cell inhibitory co-receptor CD2234-37, the 

sialyltransferace ST6Gal138, fucosylation39,40, and galectins41-46. The role of N-glycan 

branching, however, has not been investigated. Here, we demonstrate N-glycan 

branching promotes positive selection of B cells by enhancing low affinity BCR 

engagement via promoting CD19 surface levels while also reducing high affinity BCR 

engagement to prevent negative selection.   
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MATERIALS AND METHODS 

Mice 

Mgat1f/f (006891), Mgat2f/f (006892), CD19-cre (006785), and Bim-/- (004525) mice were 

obtained from Jackson Laboratory. Eµ-BclxL mice were transferred to us by Dr. Brian 

Iritani from the Department of Comparative Medicine at the University of Washington, 

Seattle. Inter-breeding generated all other mice. Mice used were 5-7 weeks old but 

otherwise selected randomly for experiments and approved by the Institutional Animal 

Care and Use Committee of the University of California, Irvine. 

 

Flow cytometry 

Flow cytometric analysis was performed as previously described (Demetriou et al., 

2001; Grigorian et al., 2007; Zhou et al., 2014). The fluorophore conjugated mouse 

specific antibodies from Thermo Fisher/eBioscience were CD43 (R2/60), IgM (II/41), 

B220 (RA3-6B2), CD19 (eBio1D3), CD23 (B3B4), and CD21 (8D9). For flow cytometric 

analysis of glycan expression, cells were stained with 2 µg/mL L-PHA-FITC or 

biotinylated L-PHA followed by streptavidin conjugated fluorophore (Vector Labs and 

Thermo Fisher Scientific, respectively). Fluorophore conjugated Annexin-V was from BD 

Pharmingen, and fluorophore conjugated Nur77 from Cell Signaling Technologies. 

Samples were acquired on the Attune NxT (Thermo Fisher Scientific) flow cytometer. 

Data analysis was performed using FlowJo software. 

 

Cell culture and stimulation 
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For in vitro experiments, isolated bone marrow cells were cultured in RPMI-1640 media 

(Thermo Fisher Scientific) supplemented with 10% heat inactivated fetal bovine serum 

(VWR), 2 µM L-glutamine and 100 U/mL penicillin/streptomycin (Gibco), and 50 µM b-

mercaptoethanol (Gibco). Cells were cultured at 2.5 x105 cells per well in a 96-well plate 

in triplicates without stimulation, or in the presence of functional grade goat anti-mouse 

IgM F(ab’)2 (polyclonal, Thermo Fisher Scientific) at various concentrations. 
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RESULTS 

N-glycan branching is required for B cell generation. 

To investigate a role for N-glycan branching in B cell development, we generated 

B cell specific Mgat1 and Mgat2 deficient mice using CD19-cre. Mgat1 deletion 

completely eliminates while Mgat2 deletion reduces N-glycan branching (Fig. 2.1a). 

CD19 expression is initiated at the pro-B cell stage16,17, however, membrane turnover of 

glycans is delayed. Flow cytometry with the plant lectin L-PHA, which binds to branched 

N-glycans eliminated by deletion of the Mgat1 or 2 genes, was used to assess deletion 

of Mgat1 and Mgat2 in the bone marrow and spleen of B220+ B cells from 

Mgat1f/f/CD19-cre+/- and Mgat2f/f/CD19-cre+/- mice, respectively (Fig. 2.2a). In 

Mgat2f/f/CD19-cre+/- mice, pro-B cells displayed a small population with reduced L-PHA 

binding (L-PHAint) that became a larger population of L-PHAlo/- while transitioning to the 

mature B cell stage and entering the periphery (Fig. 2.2a). In contrast, only a small 

proportion of L-PHAint pre-B and immature B cells are observed in Mgat1f/f/CD19-cre+/- 

mice, with the population largely disappearing at the mature B cell stage and in 

peripheral splenic B cells (Fig. 2.2a). This suggests deletion of Mgat1 triggers death 

while the immature B cells are losing branched N-glycans from the cell surface, with all 

cells dying prior to the complete loss of branching. The population of L-PHA+ B cells 

likely result from inefficient CD19-cre mediated excision of Mgat1f/f and continued 

expansion of this L-PHA+ cell population (Fig. 2.2a). Consistent with loss of N-glycan 

branching leading to death of developing B cells, bone marrow and spleen cellularity 

(Fig. 2.2b) as well as number of B220+ B cells (Fig. 2.2c) were all markedly reduced in 

Mgat1f/f/CD19-cre+/- but not in Mgat2f/f/CD19-cre+/- mice. These results demonstrate 
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partial N-glycan branching levels is permissible for B cell generation, while complete 

elimination of N-glycan branching fails to generate mature B cells.  

 

N-glycan branching drives late bone marrow development and splenic maturation 

of B cells. 

Next, we delineated at what stage loss of N-glycan branching impacts B cell 

development and maturation in the bone marrow.  Cell surface markers and gating 

strategy used to identify specific B cell populations were as previously described (Hardy 

et al., 2007; Carsetti, 2004) and is depicted in Figure 2.1b,c. We focused on 

Mgat1f/f/CD19-cre+/- mice as they displayed significant loss of B cells in the bone 

marrow and spleen. In the bone marrow of Mgat1f/f/CD19-cre+/- mice, cellularity at each 

developmental stage revealed little difference at the pro-, pre-, and immature stages, 

but a drastic loss in the number of mature B cells in (Fig. 2.3a). In the spleen, 

transitional T1, transitional T2, follicular (FO) and marginal zone (MZ) B cells are 

similarly reduced by Mgat1 deficiency (Fig. 2.3b). These data suggest that branching is 

essential for late B cell development in bone marrow, particularly during the immature to 

mature B cell transition.  

 

Inhibiting programmed cell death fails to rescue B cell death from the loss of N-

glycan branching. 

 In T cells, we previously observed that the death of developing thymocytes 

induced by Mgat1 deletion was rescued by over-expression of anti-apoptotic BclxL as 

well as targeted deletion of pro-apoptotic Bim33. Therefore we investigated whether 
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manipulating these programmed cell death pathways (i.e., the mitochondrial apoptotic 

pathway47) could similarly rescue death of N-glycan branching deficient B cells. We 

generated Mgat1f/f/CD19-cre+/-/Eµ-BclxL to induce B cell specific anti-apoptotic BclxL 

overexpression, as well as Mgat1f/f/CD19-cre+/-/Bim-/- for deletion of pro-apoptotic Bim. 

As Mgat1 deficiency primarily altered the transition from immature to mature B cells in 

the bone marrow, we focused on changes in mature B cells. Neither Mgat1f/f/CD19-cre+/-

/Eµ-BclxL nor Mgat1f/f/CD19-cre+/-/Bim-/- displayed an increase in the proportion of 

mature B cells (Fig. 2.4). Thus, BclxL overexpression and Bim deletion both fail to 

overcome the developmental block of N-glycan branching deficient immature B cells 

into mature B cells. 

 

N-glycan branching promotes CD19-BCR tonic signaling to inhibit immature B 

cell death by neglect.  

Immature B cells expressing a BCR are subject to selection. Only intermediate 

(i.e., tonic) BCR signaling allows continued development into mature B cells. As 

Mgat1f/f/CD19-cre+/- mice displayed a major defect in the immature to mature B cell 

transition in bone marrow, we assessed whether this was due to dysregulated selection. 

CD19 surface expression was drastically reduced in L-PHAintB220+ B cells from the 

bone marrow of Mgat1f/f/CD19-cre+/- mice (Fig. 2.5a,b). To assess whether N-glycan 

branching deficiency drives cell death, we cultured bone marrow cells for one day in 

media without stimulation and assessed cell death by Annexin V labeling. L-

PHAintB220+IgM+ cells from Mgat1f/f/CD19-cre+/- mice displayed a marked increase in 

spontaneous death relative to control cells (Fig. 2.5c), consistent with increased 
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sensitivity to death by loss of CD19 dependent BCR tonic signaling. BclxL 

overexpression in L-PHAintB220+IgM+ cells led to a small reduction in cell death, but 

was still markedly greater than control cells (Fig. 2.5c). Next, we assessed whether 

providing minimal BCR signaling would reduce the death induced by N-glycan 

branching deficiency and loss of CD19. Indeed, low doses of anti-IgM F(ab’)2 partially 

rescued L-PHAintB220+IgM+ cells from death (Fig. 2.5d). These data suggest that N-

glycan branching promotes CD19 surface expression and associated BCR tonic 

signaling to prevent death by neglect of IgM+ B cells.  

 

N-glycan branching inhibits negative selection of immature B cells. 

Nur77 is a transcription factor whose expression corresponds with BCR tonic 

signaling levels and has been found to be expressed at higher levels in B cells subject 

to excessive antigen encounter and eventual deletion by negative selection48-50. Ex vivo 

L-PHAintB220+IgM+ cells displayed greater Nur77 levels compared to control (Fig 2.6a). 

This suggests N-glycan branching deficient IgM+ B cells from Mgat1f/f/CD19-cre+/- mice 

have enhanced BCR engagement and negative selection in vivo. To further support this 

conclusion, we examined whether providing high BCR signaling further enhances the 

death of B cells deficient in N-glycan branching. Indeed, BCR stimulation with high 

doses of anti-IgM F(ab’)2 enhanced cell death of L-PHAintB220+IgM+ cells, as evidenced 

by Annexin V labeling (Fig. 2.6b). Together, these data suggest that N-glycan branching 

also inhibits negative selection of immature B cells.   
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DISCUSSION 

The effects of N-glycan branching during B cell positive selection is similar to 

what we have observed in T cells33. As with T cells, N-glycan branching appears to be 

required for maintaining the boundaries of BCR signaling thresholds to permit immature 

B cell positive selection, acting by inhibiting both death by neglect and negative 

selection. N-glycan branching promotes CD19 surface expression to enhance low 

affinity BCR engagement and maintain tonic signaling to inhibit death by neglect. The 

mechanism by which N-glycan branching inhibits death by negative selection is less 

clear, but may be similar to that in T cells, namely limiting antigen induced BCR 

clustering to prevent excessive signaling and death by negative selection.  

Peripheral Mgat5-/- B cells were reported to respond similarly to wildtype B cells 

when stimulated with various agonists25.  However, here we observed that loss of 

branching has a marked effect on B cell development. Interestingly, Mgat2f/f/CD19-cre+/- 

mice were grossly comparable to controls, yet we expected them to have an 

intermediate phenotype between Mgat5 and Mgat1 deficiency due to having a single N-

glycan branch, which should allow formation of a partially intact galectin-glycoprotein 

lattice. However, we recently showed loss of branching in Mgat2 deficient T cells is 

partially compensated for by poly-N-acetyllactosamine (poly-LacNAc) extension of the 

remaining single GlcNAc branch (Fig. 2.1a), resulting in similar levels of cell surface 

galectin-3 binding and function as Mgat5-/- T cells.31 Thus, partial N-glycan branching 

loss in B cells from Mgat2f/f/CD19-cre+/- mice may be compensated for by poly-LacNAc 

extension to maintain lattice integrity and appropriate BCR signaling thresholds for B 

cell positive selection. Indeed, unpublished data indicates that Mgat2 deficient B cells 



71 
	

display the same increase in poly-LacNAc extension that we observed in Mgat2-/- T 

cells.  

As CD19 is coupled to BCR signaling, CD19 and BCR deletion studies yield 

similar phenotypes. For immature B cells, lack of CD19 results in loss of basal 

phosphoinositide 3-kinase (PI3K) signaling, continued recombination-activating genes 

(RAG) expression, and L-chain receptor editing, thus inhibiting positive selection.15 

Phosphatase and tensin homologue (PTEN) opposes PI3K activity; the absence of 

PTEN activity reverses the effects of CD19 loss to promote immature B cell positive 

selection.51,52 Similarly, BCR deletion results in loss of mature B cells. Constitutive PI3K 

signaling was necessary and sufficient to rescue the survival of BCR deficient B cells, 

whereas other interventions such as constitutive nuclear factor-kappa B (NF-kB) 

signaling, mitogen-activated protein kinase (MAPK)/extracellular signal-regulated 

kinases (ERK) kinase (MEK) signaling, or Bcl2 overexpression were not.53,54 While Bcl2 

and BclxL are both anti-apoptotic factors in programmed cell death, BclxL has been 

shown to be superior in promoting B cell survival55; thus we chose to overexpress BclxL. 

In contrast to N-glycan branching deficient thymocytes, neither BclxL overexpression nor 

Bim deletion rescued branching deficient mature B cells in vivo. BclxL overexpression 

modestly enhanced survival of bone marrow B cells in vitro, so BclxL may have a limited 

effect on survival of N-glycan branching deficient B cells. Notably, branching deficiency 

induced a much greater loss of cell surface CD19 in developing B cells than CD4 and 

CD8 co-receptor loss induced in thymocytes (~90% versus ~25-50%, respectively).33 

Therefore, B cell N-glycan branching deficiency largely phenocopies CD19/BCR 

deficiency that could not be rescued with Bcl2 over-expression, whereas a partial loss of 
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CD/CD8 in thymocytes is a more mild phenotype that could be rescued by altering 

apoptotic pathways.  Future research examining mechanisms by which N-glycan 

branching deficiency affects PI3K and apoptosis in immature B cells would provide 

insight in how branching regulates CD19-BCR downstream signaling pathways and 

subsequent functional outcomes such as death. 

 Our recent work on N-glycan branching in thymocytes33 and now B cell positive 

selection gives great emphasis to the role branching plays in maintaining central 

tolerance. Future research in delineating the role of N-glycan branching in B cell 

peripheral tolerance may provide new insight on the role of B cells in diseases such as 

systemic lupus erythematosus, rheumatoid arthritis, and multiple sclerosis. 
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Figure 2.1.  N-glycan branching pathway and gating strategies for B cell subset analysis. 
(a) Oligosaccharyltransferase (OT) transfers a pre-assembled glycan, Glc3Man9GlcNAc2, onto 
Asp-X-Ser-Thr (X¹Pro) motifs on glycoproteins in the endoplasmic reticulum (ER). This glycan 
is extensively modified as glycoproteins transit through the Golgi by mannosidases and the N-
acetylglucosaminyltransferase (Mgat) enzymes, which act sequentially to generate branched N-
glycans with increasing affinities for galectins. GalT and iGnT extend branches to create N-
acetyllactosamine (LacNac) which can also be bound by galectins. Plant lectin L-PHA and LEA 
binding sites are indicated. OT, oligosaccharyltransferase; GI, glucosidase I; GII, glucosidase II; 
MI, mannosidase I; MII, mannosidase II; Mgat, N-acetylglucosaminyltransferase; GalT3, 
Galactosyltransferase 3; iGnT, “little i” b-1,3-N-acetylglucosaminyltransferase; KIF, kifunensine. 
(b-c) Flow cytometric analysis of B cell subsets in the bone marrow (b) and spleen (c). 
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Figure 2.2. Late B cell development requires N-glycan branching. (a) Flow cytometric 
analysis of L-PHA binding on bone marrow B cell subsets and splenic B cells. (b) Total 
cellularity of bone marrow and spleens. (c) Total B220+ cell count calculated by multiplying 
percentage of B220+ cells acquired by flow cytometry by total cellularity of bone marrow and 
spleens. Each symbol represents one mouse, unpaired two-tailed t-tests with Bonferroni’s 
correction (b-c). Bars indicate mean. NS, not significant; ***P < 0.0005; **P < 0.005.   

b

c

0

50

100

150

200

C
el

ls
 (x

10
6 )

***

NS

Control
Mgat1f/f/
CD19-cre+/-
Mgat2f/f/
CD19-cre+/-

Spleen

0

50

100

150

200

C
el

ls
 (x

10
6 )

***

NS

Control
Mgat1f/f/
CD19-cre+/-
Mgat2f/f/
CD19-cre+/-

Spleen

a

L-PHA

Pro-B
CD43+B220+

IgM-

Pre-B
CD43-B220+

IgM-

Immature
CD43-B220mid

IgM+

Mature
CD43-B220hi

IgM+

Mgat1f/f Mgat1f/f/CD19-cre+/- Mgat2f/f/CD19-cre+/-

Spleen
B220+

L-PHA

0

50

100

150

200

C
el

ls
 (x

10
6 )

***

Spleen

NS

0

20

40

60

C
el

ls
 (x

10
6 ) **

Bone Marrow

NS

0

10

20

30

40

B
22

0+  
C

el
ls

 (x
10

6 )

***

Bone Marrow

NS

0

50

100

150

B
22

0+  
C

el
ls

 (x
10

6 )

Spleen

***

NS



75 
	

 
 
Figure 2.3. N-glycan branching promotes transition of immature to mature B cells in bone 
marrow and B cell maturation in the spleen. (a-b) Flow cytometric analysis of total number of 
B cell subtypes in the bone marrow (a) and spleen (b) using indicated markers. Each symbol 
represents one mouse, unpaired two-tailed t-tests with Welch’s correction. Bars indicate mean. 
NS, not significant; ***P < 0.0005; **P < 0.005; *P < 0.05.  
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Figure 2.4. BclxL overexpression and Bim deletion fail to rescue N-glycan deficient mature 
B cells. Flow cytometric analysis of mature bone marrow B220+ B cells. Each symbol 
represents one mouse, unpaired two-tailed t-tests with Bonferroni’s correction. Error bars 
indicate mean ± s.e.m. NS, not significant; **P < 0.005. 
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Figure 2.5. N-glycan branching promotes immature B cell positive selection via CD19 
surface expression. (a-d) Flow cytometric analysis of ex vivo B220+ bone marrow B cells for L-
PHAint gating (a) and CD19 surface levels (b), Annexin V binding to B220+IgM+ bone marrow B 
cells cultured for 1 day without BCR stimulation (c) and with low doses of anti-IgM F(ab’)2 (d). n 
³ 3. Each symbol represents one mouse, unpaired two-tailed t-tests (b,c) with Bonferroni’s 
correction (c). Error bars indicate mean ± s.e.m. ***P < 0.0005; *P < 0.05. 
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Figure 2.6. N-glycan branching limits immature B cell negative selection by limiting BCR 
engagement. (a-b) Flow cytometric analysis of ex vivo B220+IgM+ bone marrow B cells for 
intracellular staining of Nur77 (a), and Annexin V binding after 1 day culture with high doses of 
anti-IgM F(ab’)2 (b). n = 3. Each symbol represents one mouse, unpaired two-tailed t-test (a). 
Error bars indicate mean ± s.e.m. *P < 0.05.  
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Chapter 3 

N-glycan Branching Decouples B Cell Innate and Adaptive Immunity 

to Control Inflammatory Demyelination 
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SUMMARY 

B cells are unique within the immune system, harboring both innate and adaptive 

immune activity. B cell depletion potently reduces episodes of inflammatory 

demyelination in multiple sclerosis (MS), predominantly through loss of innate immunity. 

However, molecular mechanisms controlling innate versus adaptive B cell function are 

poorly understood. Branched N-glycans regulate endocytosis and signaling of cell 

surface receptors to control cell function. Here we report that N-glycan branching in 

mouse B cells reduces pro-inflammatory innate responses by decreasing Toll Like 

Receptor-4 (TLR4) and TLR2 surface expression via endocytosis. In contrast, adaptive 

immunity via the B cell receptor (BCR) is promoted by N-glycan branching mediated cell 

surface retention of the BCR co-receptor CD19. Branched N-glycans in B cells reduce 

pro-inflammatory T-helper cell-17 (TH17)/TH1 differentiation and inflammatory 

demyelination in mice. Thus, N-glycan branching is a critical negative regulator of B cell 

innate versus adaptive immunity and a potential therapeutic target for MS. 
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INTRODUCTION 

Multiple sclerosis (MS) is the most common autoimmune disease of the central 

nervous system, causing inflammatory demyelination and neurodegeneration1. Long-

standing data from animal models of MS, particularly experimental autoimmune 

encephalomyelitis (EAE), implicate CD4+ T cells and their differentiation into pro-

inflammatory TH1 and TH17 cells as critical to inflammatory demyelination2,3. Prominent 

TH1 and TH17 responses are also observed in MS patients4,5. Genetic analysis in MS 

has largely been consistent with this data, highlighting the relevance of the immune 

system, particularly T cells, in promoting development of MS. This is best exemplified by 

the strongest genetic risk factor for MS being variants of the molecules that present 

antigen to T cells, namely the human leukocyte antigen (HLA) complex6,7. Moreover, 

gene enrichment analysis of the >200 genetic regions associated with MS has 

implicated multiple immune pathways, including factors that alter T cell growth (IL-2, IL-

7 pathways) and their differentiation into pro-inflammatory TH1 and TH17 cells versus 

anti-inflammatory T regulatory cells6,8-11.  

The dominant role of T cells in MS has recently been challenged by the potent 

therapeutic activity of B cell depleting therapies in MS12, with the anti-CD20 monoclonal 

antibody ocrelizumab shown to be superior to high-dose interferon-β-1a (Rebif) at 

reducing relapse rates as well as displaying positive activity in progressive MS13,14. B 

cells are unique within the immune system, having both innate and adaptive immune 

activity, with the former exemplified by activation via pattern recognition receptors like 

Toll-like receptors (TLRs) and the ability to directly present antigen to CD4+ T cells. The 

therapeutic benefit of B cell depletion in MS appears to largely arise from altered innate 
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activity and reduced antigen presentation to CD4+ T cells, rather than reduced B cell 

adaptive immune responses and auto-antibody production15. For example, anti-CD20 

therapy reduces pro-inflammatory TH1 and TH17 responses as well as B and T cell 

numbers but not IgG concentration, IgG index, IgG synthesis rate or oligoclonal band 

number in the cerebral spinal fluid of treated MS patients16,17. Data in EAE also supports 

this conclusion, with B cells promoting TH1 and/or TH17 responses as well as 

inflammatory demyelination via their antigen-presenting cell (APC) function rather than 

through antibody production18-21. B cells may also play an important role in MS via TLR4 

and/or TLR2 signaling mediated alterations in anti-inflammatory IL-10 production22-24, a 

cytokine utilized by B regulatory cells to inhibit autoimmunity25.  

Although pro-inflammatory innate immune activity of B cells appears to be a 

central player in the immuno-pathogenesis of MS, the regulatory mechanisms that drive 

B cell innate activity to trigger inflammatory demyelination in MS are poorly understood. 

We have previously shown that branched N-glycans produced by the N-

acetylglucosaminyl transferase enzymes Mgat1, 2, 4 and 5 play a critical role in limiting 

pro-inflammatory T cell responses and autoimmunity26-34. Galectin’s bind the T cell 

receptor (TCR) and other glycoproteins at the cell surface in proportion to the 

branching, extension and number of complex N-glycans, forming a molecular lattice that 

controls clustering, signaling and endocytosis of surface receptors and transporters in a 

coordinated fashion26-34. N-glycan branching negatively regulates TCR 

clustering/signaling, promotes surface retention of anti-autoimmune Cytotoxic T-

Lymphocyte Antigen 4 (CTLA-4), directly inhibits TH1 and TH17 while promoting anti-

autoimmune induced T regulatory cell (iTREG) differentiation, suppresses inflammatory 
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demyelinating disease in mice and is associated with risk of MS26-43. However, the 

function of N-glycan branching in B cells is unknown. Here we demonstrate that N-

glycan branching has a unique dual activity in B cells, promoting adaptive immunity 

while simultaneously suppressing innate activity in B cells; the latter reducing B cell 

dependent pro-inflammatory TH1/TH17 differentiation of T cells and inflammatory 

demyelination in mice.   
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MATERIALS AND METHODS 

Mice 

Mgat1f/f (006891), Mgat2f/f (006892), CD19-cre (006785), tetO-cre (006234), ROSA26-

rtTA (006965), 2D2 TCRMOG transgenic (006912), and PL/J (000680) mice were 

obtained from Jackson Laboratory. Inter-breeding generated all other mice maintained 

on the C57BL/6 background. Mice were selected randomly for experiments and 

approved by the Institutional Animal Care and Use Committee of the University of 

California, Irvine. For inducible deletion of Mgat1 in peripheral B cells, doxycycline was 

provided in 1% sucrose drinking water at 2 mg/mL to Mgat1f/f/tetO-cre/ROSA26-rtTA 

mice for four weeks. For in vivo Mgat1 activity inhibition, intraperitoneal injections of 

kifunensine (KIF, GlycoSyn) at 250 µg/mL were done for 4 consecutive days. 

 

B Cell Purification, Culture, and Stimulation 

For all in vitro experiments, splenic B cells were immuno-magnetically purified using the 

EasySepTM Mouse B Cell Isolation Kit (STEMCELL Technologies) according to 

manufacturer’s instructions with resulting purity >95%; 20 µg/mL biotinylated L-PHA 

(Vector Labs) was supplemented to deplete L-PHA+ (non- Mgat1 or Mgat2 deleted) B 

cells. Cells were cultured in “complete” media: RPMI-1640 (Thermo Fisher Scientific) 

supplemented with 10% heat inactivated fetal bovine serum (VWR), 2 µM L-glutamine 

and 100 U/mL penicillin/streptomycin (Gibco), and 50 µM b-mercaptoethanol (Gibco). 

Stimulation conditions with TLR agonists (Invivogen) were 5 µg/mL LPS for TLR4, 500 

ng/mL Pam2CSK4 for TLR2:6, and 500 ng/mL Pam3CSK4 for TLR2:1 unless indicated 

otherwise. B cells activated through BCR were stimulated with 10 µg/mL functional 
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grade goat anti-mouse IgM F(ab’)2 (eBioscience/Thermo Fisher Scientific) unless 

indicated otherwise. B cells from KIF injected mice were cultured in the presence of 5 

µM KIF added once at day 0. Cytokine secretion in cell culture supernatants were 

analyzed by enzyme-linked immunosorbent assay (ELISA) with ELISA MAXTM Deluxe 

Sets (BioLegend) according to the manufacturer’s instructions. 

 

Human PBMC Culture and Stimulation 

Procedures with human subjects were approved by the Institutional Review Board of the 

University of California, Irvine. Human PBMCs were cultured in complete media as 

described above, with or without 10 µM KIF for 4 days prior to stimulation. PBMCs were 

then stimulated with 10 µg/mL anti-Ig (AffiniPure F(ab')2 Fragment Goat Anti-Human 

IgA + IgG + IgM, Jackson ImmunoResearch), 1 µg/mL CD40L (recombinant human 

CD40 ligand, Enzo Life Sciences) and/or 0.1 µM CpG ODN (class B CpG 

oligonucleotide 2006 (ODN 2006), Invivogen), with or without 10 µM KIF. 

 

Flow Cytometry and Proliferation  

Fluorophore conjugated mouse specific antibodies from eBioscience/Thermo Fisher 

Scientific were B220 (RA3-6B2), CD19 (eBio1D3), CD69 (H1.2F3), CD80 (16-10A1), 

CD86 (GL1), MHCII (M5/114.15.2, TLR2 (6C2), TLR4 (UT41), IgM (II/41), CD4 (RM4-

5), IFNg(XMG1.2), IL-17A (eBio17B7), and FOXP3 (FJK-16s). Fluorophore conjugated 

antibodies from BioLegend were mouse specific CD22 (OX-97), and human specific 

CD19 (HIB19), and TLR4 (HTA125). For flow cytometric analysis of glycan expression, 

cells were stained with 2 µg/mL L-PHA-FITC or LEA-FITC (Vector Labs). To assess 
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proliferation, cells were stained with 5 µM 5,6-carboxyfluorescein diacetate succinimidyl 

ester (CellTraceTM CFSE dye; Invitrogen/Thermo Fisher Scientific) and stimulated for 2 

days. Samples were stained in FACS buffer (PBS with 1% BSA and 0.1% Na-azide) 

and acquired on the Attune NxT flow cytometer (Invitrogen/Thermo Fisher Scientific). 

Data analysis was performed using FlowJo software.  

 

Endocytosis assay 

The endocytosis assay was done as previously described34. Briefly, purified B cells 

were stained with fluorophore conjugated anti- TLR4, TLR2, or CD19, re-suspended in 

complete RPMI 1640 medium and incubated at 37°C for 1.5 hours. Cells were washed 

in FACS buffer or acidic buffer (150 mM NaCl and 20 mM HCl, pH 1.7) for 3 minutes at 

room temperature and then fixed in 1% PFA before analyzing by flow cytometry. The 

acidic buffer removes surface-bound antibody, and the MFI of acid-washed cells is 

divided by the MFI of FACS buffer washed cells to determine internalized antibody. 

 

Calcium Flux 

Purified B cells were concurrently stained with 9.2 µM Fura Red AM and 4.4 µM fluo-3 

AM dyes (Life Technologies/Thermo Fisher Scientific). After establishing baseline Ca2+ 

levels, anti-mouse IgM F(ab’)2 was added to induce Ca2+ flux. Samples were acquired 

on a BD LSR II flow cytometer, and Ca2+ mobilization was determined by the ratio of 

fluo-3 to Fura Red fluorescence intensity using the kinetics tool in FlowJo software. 

 

Western Blot 

Purified B cells were lysed in RIPA buffer with 100x HaltTM protease and phosphatase 
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inhibitor cocktail (Thermo Fisher Scientific). For total CD19 protein analysis, lysates 

were treated with Rapid PNGase F (New England BioLabs) to remove all N-glycans. 

Cell lysates were separated by SDS-PAGE and transferred to nitrocellulose 

membranes. Western blot antibodies to CD19 (#3574), TLR4 (D8L5W), TRAF3 (#4729), 

phospho-NF-kB p65 (Ser536) (93H1), phospho-Akt (Ser473) (D9E), phospho-ERK1/2 

(Thr202/Tyr204) (197G2), phospho-TBK1 (Ser172) (D52C2), phospho-CD19 (Tyr531) 

(#3571), phospho-Syk (Tyr525/526) (C87C1), phospho-PLCg2 (Tyr759) (#3874), b-actin 

(13E5), and HRP-conjugated anti- rabbit or mouse IgG were from Cell Signaling 

Technology. Abundance was measured by chemiluminescence and quantified by 

normalization to b-actin and relative to control using ImageJ software. 

 

B and CD4+ T cell Co-cultures and Intracellular Cytokine Staining 

Purified B cells were stimulated with 20 µg/mL LPS for 2 hours and co-cultured at a 10:1 

ratio with purified splenic CD4+ T cells (EasySepTM Mouse CD4+ T Cell Isolation Kit, 

STEMCELL Technologies) for 3-4 days in two in vitro co-culture systems: (1) a mixed 

lymphocyte reaction with allogeneic CD4+ T cells from PL/J mice, and (2) with CD4+ T 

cells from congenic 2D2 TCRMOG transgenic C57BL/6 mice in the presence of human 

MOG35-55 (hMOG35-55) or OVA323 – 339 peptide (AnaSpec). Cytokine combinations for 

CD4+ T cell differentiation conditions were as follows: 10 µg/mL of anti-IL-4 

(eBioscience/Thermo Fisher Scientific) and 25ng/mL of mouse IL-12 (BioLegend) for 

TH1; 10 µg/mL of anti-IL-4, 10 µg/mL of anti-IFNg (eBioscience/Thermo Fisher 

Scientific), 20 ng/mL of mouse IL-23 (BioLegend), 20 ng/mL of mouse IL-6 (BioLegend), 

and 5 ng/mL of human TGFb1 (eBioscience/Thermo Fisher Scientific) for TH17; and 10 
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µg/mL of anti-IL-4, 10 µg/mL of anti-IFNg 5 ng/mL of human TGFb1 for TREG. For 

intracellular cytokine flow cytometric analysis, cells were re-stimulated at 37°C for 4 

hours with 50 ng/mL PMA (phorbol 12-myristate 13-acetate, Sigma-Aldrich) and 750 

ng/mL ionomycin (Sigma-Aldrich) in the presence of GolgiPlug (1000x, BD Biosciences) 

and stained using the FOXP3 Transcription Factor Fixation/Permeabilization Kit 

(eBioscience/Thermo Fisher Scientific) according to manufacturer’s instructions. 

 

Experimental Autoimmune Encephalomyelitis 

EAE was induced in 8-12 week old male and female mice by subcutaneous 

immunization at day 0 with 100 µg of recombinant human MOG (rhMOG) protein 

(AnaSpec) emulsified in Complete Freund’s Adjuvant containing 4 mg/mL heat-

inactivated Mycobacterium tuberculosis (H37RA; Difco). On days 0 and 2, mice 

received 200 ng of pertussis toxin (List Biological Laboratories) by intraperitoneal 

injection. Mice were examined daily for clinical signs of EAE over the next 35 days with 

observer blinded to mice genotypes. Mice were scored as previously described44: 0, no 

disease; 1, loss of tail tone; 2, hindlimb weakness; 3, partial hindlimb paralysis; 4, 

forelimb weakness or paralysis and hindlimb paralysis; 5, moribund or dead. At the end 

of the EAE experiment (day 35), spinal cords were harvested by hydraulic extrusion as 

previously described45 and processed into single cell suspension for flow cytometric 

analysis of CD4+ T cell and B220+ B cell infiltration. Additionally, in vivo cytokine 

production of CD4+ T cells was assessed by culturing splenocytes for 4 hours in the 

presence of PMA+ionomycin and GolgiPlug prior to intracellular cytokine staining and 

flow cytometric analysis. 
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RESULTS 

N-glycan branching inhibits pro-inflammatory TLR4 and TLR2 signaling in B cells.  

The Toll-like receptor (TLR) family plays critical roles in initiating innate 

inflammatory responses46,47. Cell surface TLR4 signaling is pro-inflammatory via 

MyD88/IRAK/TRAF6/AP-1/NF-kB, while signaling from endosomes is anti-inflammatory 

via TRIF/IRF348. Thus, regulating TLR4 endocytosis is critical to pro- versus anti-

inflammatory responses to lipopolysaccharide (LPS). CD14 controls LPS induced TLR4 

endocytosis and associated anti-inflammatory signaling in myeloid cells49; however, B 

cells do not express CD14. TLR2, which hetero-dimerizes with TLR1 or TLR6, is the 

other major class of pro-inflammatory cell-surface TLR receptors expressed in mouse B 

cells and, like TLR4, has been implicated in MS22-24. As N-glycan branching regulates 

the endocytosis of multiple glycoproteins, we hypothesized that branching may regulate 

TLR4 and TLR2 endocytosis to control pro- versus anti-inflammatory innate responses 

in B cells.  

 To directly assess the role of N-glycan branching on cell surface TLR function in 

B cells, we generated two genetic models. First, we utilized the tet-on system to 

generate mice with doxycycline inducible deletion of the Mgat1 branching enzyme (i.e. 

Mgat1f/f/tetO-cre/ROSA-rtTA). Second, we generated mice with B cell specific deletion 

of the Mgat2 branching enzyme (i.e. Mgat2f/fCD19cre+/-). Mgat1 deficiency is expected 

to produce a more severe phenotype than Mgat2 deficiency, as the former eliminates 

while the latter only reduces branching (Fig. 3.2a)34,50. Mgat1-/- and Mgat2-/- splenic 

B220+ B cells were purified by negative selection with L-PHA+ cell depletion from 

doxycycline treated Mgat1f/f/tetO-cre/ROSA-rtTA or Mgat2f/fCD19-cre+/- mice, 
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respectively (Fig. 3.2b). L-PHA binds β1,6-branched N-glycans, structures that are 

eliminated by Mgat1 or Mgat2 deficiency26. A third approach to reduce branching was to 

treat wildtype B cells with the small molecule Golgi inhibitor kifunensine (KIF), which 

blocks branching upstream of Mgat1 (Fig. 3.2a).  

Mgat1-/- and Mgat2-/- B cells hypo-proliferated in response to both LPS (TLR4 

agonist) and the bacterial lipopeptides Pam2CSK4 (TLR2:6 heterodimer agonist) and 

Pam3CSK4 (TLR2:1 heterodimer agonist), as measured by CFSE dilution (Fig. 3.1a). 

The magnitude of hypo-proliferation was less in Mgat2-/- than Mgat1-/- B cells, consistent 

with a less severe loss of branching in the former. Remarkably, despite hypo-

proliferation, up-regulation of the activation marker CD69 induced by TLR4 and TLR2 

agonists was enhanced by Mgat1 and Mgat2 deficiency (Fig. 3.1b). Consistent with this, 

pro-inflammatory NF-kB activation by cell surface TLR4 and TLR2 signaling was 

enhanced by Mgat1 and Mgat2 deficiency (Fig. 3.1c). TLR4 also signals through SYK to 

activate ERK and AKT51 and branching deficiency led to enhanced LPS induced SYK, 

ERK, and AKT phosphorylation (Fig. 3.2c,d). In contrast, anti-inflammatory endosomal 

TLR4 signaling via TBK1 and TRAF3 was unchanged by Mgat1 deficiency (Fig. 3.1d). 

NF-kB activation drives secretion of pro-inflammatory TNFα over anti-inflammatory IL-

1025. Mgat1-/- B cells stimulated with TLR4 or TLR2 agonists displayed increased TNFα 

and reduced IL-10 secretion compared to control B cells (Fig. 3.1e). B cells express the 

T cell co-stimulatory ligands CD80 and CD86, which promote pro-inflammatory TH1 and 

humoral/immunomodulatory TH2 responses, respectively, to influence inflammatory 

demyelination in EAE52,53. LPS stimulated Mgat1-/- and Mgat2-/- B cells displayed 

increased induction of CD80 and less CD86 on their cell surface compared to controls 



99 
	

(Fig. 3.1f). Induction of MHCII was also elevated in Mgat1-/- and Mgat2-/- B cells (Fig. 

3.1g). In resting B cells, CD80, CD86, and MHCII surface levels on Mgat1-/- and Mgat2-/- 

B cells were similar to control (Fig. 3.2e,f). Together, these data demonstrate that N-

glycan branching inhibits TLR4 and TLR2 pro-inflammatory cell surface signaling.  

 

N-glycan branching promotes TLR4 and TLR2 endocytosis to reduce cell surface 

expression in B cells.  

Next, we investigated the mechanism for enhanced TLR4 and TLR2 cell surface 

signaling. In resting B cells, cell surface expression of TLR4 is minimal (Fig. 3.4a). 

Resting Mgat1-/- B cells displayed no significant difference in TLR4 or TLR2 surface 

expression, endocytosis rate or mRNA levels (Fig. 3.4a-c). Binding of LPS to cell 

surface TLR4 was also unaltered by Mgat1 deficiency, indicating that loss of branching 

did not impact the interaction of LPS to TLR4 (Fig. 3.4d). However, 2-3 days after TLR4 

or TLR2 stimulation, N-glycan branching deficient B cells had greater TLR4 and TLR2 

surface expression than control cells, with Mgat1 > Mgat2 deficiency (Fig. 3.3a). This 

coincided with a physiological increase in N-glycan branching in activated wildtype B 

cells stimulated with TLR4 and TLR2 ligands, a phenotype blocked by Mgat1 and Mgat2 

deficiency (Fig. 3.3b). Comparing cell surface versus total TLR4 and TLR2 by flow 

cytometry indicated that loss of branching did not alter total TLR protein levels and 

specifically enhanced cell surface TLR4 and TLR2 expression (Fig. 3.3c). Western 

blotting confirmed that total TLR4 protein was not altered (Fig. 3.4e). Consistent with 

increased surface levels, the rate of TLR4 and TLR2 endocytosis in activated B cells 

was significantly reduced by Mgat1 > Mgat2 deficiency (Fig. 3.3d) and KIF treatment 

(Fig. 3.4f).  
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In contrast to mouse B cells, human B cells were originally reported to not 

express TLR4 at the cell surface. However, more recent data indicates that surface 

TLR2 and TLR4 is induced in human B cells under inflammatory conditions and by 

certain signaling pathways such as BCR, CD40 and TLR9 (CpG)54-57. Consistent with 

this data and our mouse data, inhibiting branching in human B cells with KIF enhanced 

TLR4 surface expression induced by co-stimulation with CpG + CD40L and CpG + anti-

IgM/G/A (Fig. 3.4g). Collectively, these data show that N-glycan branching negatively 

regulates pro-inflammatory TLR4 and TLR2 signaling in activated B cells by enhancing 

surface loss to endocytosis.  

 

N-glycan branching regulates CD19 to promote activation signaling by the B cell 

receptor independently of CD22.  

As N-glycan branching regulates both basal and ligand induced TCR signaling, 

we explored whether branching similarly regulates B cell receptor (BCR) signaling. 

Mgat1-/- B cells hypo-proliferated in response to anti-IgM F(ab’)2 compared to control B 

cells (Fig. 3.5a), a result opposite to that in T cells but similar to TLR4 and TLR2 

stimulated B cell proliferation. A potential mechanism for altered BCR signaling in Mgat1 

deficient B cells is via CD22, a negative regulator of BCR signaling. CD22 is a Siglec 

(sialic-acid-binding immunoglobulin-like lectin) that binds α2,6 linked sialic acid, a 

terminal sugar attached to galactose in a wide variety of glycans including N-glycans, O-

glycans and glycolipids. CD22 deficient B cells hyper-proliferate in response to anti-IgM 

F(ab’)2 by preventing delivery of the phosphatase SHP-1 to BCR58,59. Deficiency of 

ST6Gal-I, the enzyme that generates the CD22 ligand (α2,6 linked sialic acid), promotes 

association of CD22 with BCR to inhibit signaling and reduce proliferation60,61. As Mgat1 
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deficiency eliminates terminal sialic acids on N-glycans, but not other glycan types, it is 

possible that loss of branching may inhibit BCR signaling by promoting association of 

CD22 with BCR. To assess this hypothesis, we generated CD22-/-/Mgat1f/f/tetO-

cre/ROSA-rtTA mice, where Mgat1-/-CD22-/- B cells are isolated following doxycycline 

treatment. As previously reported, CD22-/- B cells were hyper-proliferative in response to 

anti-IgM F(ab’)2. However, eliminating CD22 on N-glycan branching deficient B cells 

failed to rescue proliferation (Fig. 3.5a). This is in contrast to ST6Gal-I deficiency, where 

CD22 loss reversed the negative effects of α2,6 linked sialic acid deficiency on BCR 

signaling to rescue proliferation61.  

Next, we explored whether N-glycan branching directly alters BCR signaling via 

reductions in surface expression of BCR and/or the CD19 co-receptor. CD19 facilitates 

the phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) on 

Igα/Igβ at the BCR complex by recruiting the protein kinases Lyn and Syk to initiate 

signaling cascades including PLCg/Ca2+ dependent proliferation62. Mgat1-/- B cells 

displayed reduced anti-IgM F(ab’)2 induced Ca2+ flux (Fig. 3.5b) and phosphorylation of 

CD19, Syk, and PLCg2 (Fig. 3.5c). Cell surface levels of IgM were similarly reduced in 

Mgat1-/-, CD22-/-, and Mgat1-/-CD22-/- B cells compared to control (Fig. 3.5d), a 

phenotype comparable to ST6Gal-I and/or CD22 deficiency61. There was also a 

reduction in CD22 surface levels in Mgat1-/- B cells (Fig. 3.6a). However, Mgat1-/- and 

Mgat1-/-CD22-/- B cells had markedly reduced surface levels of CD19, while CD22-/- B 

cells had no significant difference compared to control (Fig. 3.5e). Indeed, CD19 surface 

loss to endocytosis was enhanced by Mgat1 deficiency (Fig. 3.5f) and KIF treatment 

(Fig. 3.6b). While there was no difference in CD19 mRNA levels (Fig. 3.6c), total CD19 
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protein was reduced in Mgat1-/- B cells (Fig. 3.6d), consistent with protein loss via 

degradation of endocytosed protein. These results demonstrate that N-glycan branching 

promotes BCR signaling and proliferation by enhancing CD19 surface expression 

independent of regulation by CD22.  

In contrast to Mgat1 deficiency and KIF treatment, which completely blocks all 

branching, limiting N-glycans to a single branch via Mgat2 deficiency in B cells did not 

alter anti-IgM F(ab’)2 induced proliferation, Ca2+ mobilization, or IgM and CD19 surface 

levels (Fig. 3.6e-h). We recently reported that in Mgat2 deficient T cells, loss of 

branching is partially compensated for by poly-N-acetyllactosamine (poly-LacNAc) 

extension of the remaining single GlcNAc branch, which leads to the same level of 

galetin-3 binding at the cell surface and function as Mgat5-/- T cells50. Indeed, Mgat2-/- B 

cells similarly displayed up-regulated poly-LacNAc expression, as measured by flow 

cytometry with Lycopersicon Esculentum lectin (LEA) (Fig. 3.6i)50.  Together these 

results demonstrate that a minimal threshold level of LacNAc (galectin ligand) within 

branched N-glycans is required to maintain CD19 at the cell surface and drive robust 

BCR responses.      

 

N-glycan branching deficiency in B cells promotes pro-inflammatory APC 

function.  

As Mgat2 deficiency impacted innate TLR2 and TLR4 but not adaptive 

BCR/CD19 responses, we utilized this model to explore the impact of branching on 

antigen presenting cell (APC) function of B cells.  Enhanced LPS induced up-regulation 

of MHCII and CD80 in Mgat2-/- B cells should increase B cell triggered T cell activation. 
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To examine this, LPS pre-stimulated Mgat2-/- and control B cells from C57BL/6 mice 

were co-cultured with wildtype allogeneic splenic CD4+ T cells from PL/J mice under 

neutral, TH1, TH17, or TREG inducing conditions. Mgat2 branching deficiency in LPS pre-

stimulated B cells markedly enhanced the differentiation of CD4+ T cells to TH1 and 

TH17 cells under their respective conditions (Fig. 3.7a,b) while also significantly 

inhibiting TREG differentiation under TREG inducing conditions (Fig. 3.7c). Under neutral 

conditions, addition of LPS also directly enhanced TH1 differentiation by Mgat2-/- B cells 

(Fig. 3.8a). To confirm these results in an antigen specific in vitro model, we utilized 

congenic 2D2 TCRMOG transgenic mice that harbor CD4+ T cells specific for the human 

MOG35-55 peptide (hMOG35-55). Relative to control B cells, Mgat2-/- B cells significantly 

increased the differentiation of 2D2 CD4+ T cells to TH1 and TH17 cells in response to 

hMOG35-55 (Fig. 3.7d,e), but had little effect on TREG differentiation (Fig. 3.7f). 2D2 CD4+ 

T cell differentiation in response to hMOG35-55 was dose dependent (Fig. 3.8b), whereas 

OVA323-339 peptide did not induce robust CD4+ T cell responses under any conditions 

(Fig. 3.8c). Thus, enhanced pro-inflammatory TLR4 signaling induced by N-glycan 

branching deficiency directly enhances the ability of B cells to induce pro-autoimmune 

TH1 and TH17 responses via co-stimulatory APC function.  

 

N-glycan branching deficiency in B cells promotes inflammatory demyelination.  

Given the importance of pro-inflammatory innate immune activity of B cells in the 

immuno-pathogenesis of MS, we explored whether the enhanced innate activity induced 

by Mgat2 deficiency in B cells promotes the MS model EAE. As C57BL/6 mice lacking B 

cells are resistant to EAE induced with whole recombinant human MOG protein 
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(rhMOG) but remain sensitive to EAE induced by the MOG35-55 peptide and whole 

recombinant mouse MOG19,25, we utilized rhMOG to induce B cell dependent EAE in 

Mgat2f/fCD19cre+/- and control CD19cre+/- C57BL/6 mice. Mgat2 deficiency in B cells 

significantly enhanced the incidence and severity of clinical EAE (Fig. 3.9a-c) as well as 

infiltration of the spinal cord by CD4+ T cells and B220+ B cells (Fig. 3.9d). Consistent 

with this and our in vitro co-culture data, Mgat2 deficiency in B cells also enhanced 

rhMOG induction of TH1 and TH17 cells, but not TREG cells, in vivo (Fig.3.9e). 
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DISCUSSION 

B cell innate immune activity plays an important role in MS pathogenesis.  Here 

we identify N-glycan branching as a novel regulatory mechanism in B cells that 

decouples innate surface TLR and APC function from adaptive activity via BCR to 

negatively regulate APC induced pro-inflammatory TH1/TH17 T cell responses and 

demyelinating disease (Fig. 3.10).  N-glycan branching titrates reductions in the surface 

expression of TLR4 and TLR2 via endocytosis in activated B cells over a broad 

continuum of expression. In contrast, a minimal level of branching maintains CD19 at 

the cell surface to drive BCR mediated adaptive immune responses. The APC function 

of B cells is inhibited by N-glycan branching via suppression of TLR4 and TLR2 

signaling induced up-regulation of MHCII and CD80 over CD86.  CD80 exists as a 

dimer while CD86 is a monomer63, allowing CD80 to bind CD28 with much greater 

affinity and thereby drive demyelinating disease52,53. Co-suppression of MHCII and 

CD80 by N-glycan branching reduces both primary TCR signaling as well as co-

stimulatory signals via CD28, thereby inhibiting B cell triggered pro-inflammatory 

TH1/TH17 responses and inflammatory demyelination. 

B cell aggregates are found in the meninges of secondary progressive MS 

patients64,65. B cell depletion with anti-CD20 antibodies inhibits relapses and 

progression in MS, a blunt tool that non-specifically reduces both innate and adaptive 

immunity and therefore is broadly immunosuppressive. In contrast, enhancing N-glycan 

branching in B cells may provide a safer therapeutic strategy by suppressing APC 

function and innate immunity, while promoting/maintaining adaptive immunity via BCR. 

In this regard, we have previously demonstrated that metabolically supplementing cells 
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or mice with the simple sugar N-acetylglucosamine (GlcNAc) increases N-glycan 

branching via enhanced substrate supply to the Golgi (Mgat) branching enzymes, 

suppresses T cell growth, enhances CTLA-4 retention, blocks TH1/TH17 responses, 

enhances iTreg differentiation, and inhibits EAE29,36,37. Based on this activity, we are 

currently conducting a dose-finding Phase 1 clinical trial of GlcNAc in MS. Our new data 

on B cells raise the possibility that oral GlcNAc may also function to suppress T cell 

responses and inflammatory demyelination by raising branching in B cells in vivo. 

Further investigations are warranted to determine the effects of GlcNAc on B cells in MS 

patients. 

In myeloid cells, CD14 controls TLR4 endocytosis to regulate pro-inflammatory 

(cell surface) versus anti-inflammatory (endosomal) signaling49. As B cells lack CD14, 

how TLR4 cell surface vs endosomal signaling is regulated in B cells was poorly 

understood. Our data identifies N-glycan branching in activated B cells as a critical 

determinant of pro- vs anti-inflammatory TLR4 signaling. Conditions that drive low 

branching would be expected to trigger TLR4 surface expression and innate pro-

inflammatory B cell activity.  

TLR4 and TLR2 surface levels were elevated in Mgat1-/- > Mgat2-/- B cells, 

demonstrating a dose dependent effect of N-glycan branching on TLR surface retention 

and activation. In addition, the effects on TLR4 surface retention were greater than 

TLR2. This may be explained by differences in the number of attached N-glycosylation 

sites, which also determines interaction with galectins29. TLR4 has 14 and TLR2 has 3. 

The TLR2 binding partners TLR1 has 9, and TLR6 has 10. When respective agonists 

bind, these TLRs dimerize to form TLR4:4 with 28, TLR2:1 with 12, and TLR2:6 with 13 
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combined N-glycosylation sites, respectively. Thus, TLR4:4 homodimers have more 

than double the number of N-glycans, making the consequences for complete loss of N-

glycan branching more severe than that of TLR2:1 or TLR2:6 heterodimers.  

In contrast to promoting TLR4/2 endocytosis, N-glycan branching inhibits CD19 

endocytosis to support BCR signaling and downstream adaptive immunity. As only 

Mgat1 but not Mgat2 deficiency resulted in loss of CD19 to endocytosis, at least a single 

GlcNAc branch is required to maintain CD19 at the cell surface. Mgat2-/- B cells have a 

marked increase in poly-LacNAc extension, which serves to enhance galectin avidity 

and thereby likely contributes to maintaining surface CD19 and signaling similar to 

control. The molecular mechanisms by which N-glycan branching simultaneously 

enhances TLR4/TLR2 but inhibits CD19 endocytosis may be secondary to galectin-

mediated segregation of the proteins to different membrane microdomains. In T cells, 

the galectin lattice excludes the T cell receptor from GM3+ lipid rafts, while having the 

opposite effect on CD45; both by opposing the activity of actin microfilaments tethered 

to cytoplasmic domains of the respective proteins28. Similar activity in B cells may 

promote TLR4/2 but oppose CD19 partition to endocytic pits.   
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Figure 3.1. N-glycan branching inhibits pro-inflammatory TLR4 and TLR2 activation in B 
cells. (a,b,g,h) TLR4 and TLR2 stimulated B cells were assessed by flow cytometry for 
proliferation by CFSE dilution after 2 days (a), CD69 expression after 1 day (b), surface 
expression of CD80/CD86 after 1-3 days (g) and MHCII after 3 days (h). Histograms in (b,c) 
represent highest agonist dose. (c,d) Western blot analysis of phospho-NFkB (p65) (c), total 
TRAF3 protein and phospho-TBK1 (d) in B cells stimulated for 2 days. (e) TNFa and IL-10 
secretion measure by ELISA from culture supernatants of stimulated B cells over 1-3 days. Data 
shown are mean ± s.e.m of triplicate samples (a,b,e-g) and representative of n ≥ 3 experiments. 
Unpaired two-tailed t-tests with Welch’s correction (g). NS, not significant; ***p<0.001. MFI, 
mean fluorescence intensity. 
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Figure 3.2. Supplement to Figure 3.1. (a) Oligosaccharyltransferase (OT) transfers a pre-
assembled glycan, Glc3Man9GlcNAc2, onto Asp-X-Ser-Thr (X¹Pro) motifs on glycoproteins in 
the endoplasmic reticulum (ER). This glycan is extensively modified as glycoproteins transit 
through the Golgi by mannosidases and the N-acetylglucosaminyltransferase (Mgat) enzymes, 
which act sequentially to generate branched N-glycans with increasing affinities for galectins. 
GalT and iGnT extend branches to create N-acetyllactosamine (LacNac) which can also be 
bound by galectins. Plant lectin L-PHA and LEA binding sites are indicated. OT, 
oligosaccharyltransferase; GI, glucosidase I; GII, glucosidase II; MI, mannosidase I; MII, 
mannosidase II; Mgat, N-acetylglucosaminyltransferase; GalT3, Galactosyltransferase 3; iGnT, 
little “i” b-1,3-N-acetylglucosaminyltransferase; KIF, kifunensine. (b) Representative histograms 
of B220 and L-PHA staining on ex vivo splenocytes and immuno-magnetic purified B cells to 
demonstrate purity of (L-PHA-) B220+ B cells used for in vitro experiments. (c,d) Western blot 
analysis of phospho-Syk, phospho-ERK1/2 and phospho-Akt (Ser473) in B cells ex vivo (c) and 
stimulated for 2 days (d). (e,f) Flow cytometric analysis of ex vivo (L-PHA-) B220+ B cells for 
CD80 and CD86 (e) and MHCII (f) surface expression. Data shown are representative of n = 3 
experiments (c,d). Each symbol represents one mouse and horizontal line represents the mean 
(e,f). NS, not significant. MFI, mean fluorescence intensity. 
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Figure 3.3. N-glycan branching reduces TLR4 and TLR2 surface levels by promoting 
endocytosis. (a-d) Flow cytometric analysis of B cells stimulated for 1-3 days and assessed for 
TLR4 and TLR2 surface expression (a), L-PHA binding (b), TLR4 and TLR2 surface-to-total 
ratio (c), and TLR4 and TLR2 endocytosis (d). Data shown are mean ± s.e.m of triplicate 
samples and representative of n ≥ 3 experiments. MFI, mean fluorescence intensity. 
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Figure 3.4. Supplement to Figure 3.3. (a-d) Ex vivo unstimulated B cells were assessed for 
TLR4 and TLR2 surface levels by flow cytometry (MFIs shown are with isotype MFIs subtracted) 
(a), TLR4 and TLR2 endocytosis rates by flow cytometry (b), TLR4 and TLR2 mRNA expression 
by real-time qPCR (c), and LPS-FITC binding by flow cytometry (d). (e) Western blot analysis of 
total TLR4 levels in B cells stimulated with LPS for 2 days. (f) B cells ± KIF stimulated with LPS 
for 1-3 days and assessed for TLR4 endocytosis rate by flow cytometry. (g) Gated CD19+ B 
cells from human PBMCs cultured for 4 days ± KIF assessed for L-PHA binding, then stimulated 
for 3 days as indicated and assessed for TLR4 surface levels (MFIs shown are with isotype 
MFIs subtracted) by flow cytometry. Data shown are mean ± s.e.m of triplicate samples (b,d,f) 
and representative of n ≥ 3 experiments. Each symbol represents one mouse or blood donor, 
horizontal line represents the mean (a,c). Unpaired two-tailed t-tests with Welch’s correction (a-
d,f). Paired one-tailed t-test (g). NS, not significant; *p<0.05; **p<0.01; ***p<0.001. MFI, mean 
fluorescence intensity.  
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Figure 3.5. N-glycan branching promotes activation signaling via CD19 and the B cell 
receptor independent of CD22. (a,b,d-f) Flow cytometric analysis of anti-IgM F(ab’)2 induced 
proliferation by CFSE dilution after 2 days (a) and Ca2+ mobilization over 4 minutes (b), and ex 
vivo B cells for IgM surface expression (d), CD19 surface expression (e), and CD19 endocytosis 
(f). Histograms in (a) represent highest stimulation concentration, arrow in (b) indicates addition 
of 2.5 µg/mL anti-IgM F(ab’)2, and immunofluorescent images in (e) were acquired on an Amnis 
ImageStream Imaging Flow Cytometer. (c) Western blot analysis of phospho-CD19, phospho-
Syk, and phospho-PLCg2 in B cells stimulated with 10 µg/mL anti-IgM F(ab’)2. Data shown are 
mean ± s.e.m of triplicate samples (a,f) and representative of n ≥ 3 experiments. Each symbol 
represents one mouse and horizontal line represents the mean (d,e). Unpaired two-tailed t-tests 
with Bonferroni’s (d,e) and Welch’s corrections (f). NS, not significant; ***p<0.001. MFI, mean 
fluorescence intensity. 
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Figure 3.6. Supplement to Figure 3.5. (a-c,e-i) Flow cytometric analysis of ex vivo B cells for 
CD22 surface expression (a) and CD19 endocytosis rate ± KIF (b); anti-IgM F(ab’)2 induced 
proliferation by CFSE dilution after 2 days (e) and Ca2+ mobilization over 4 minutes (f); and ex 
vivo surface expression of IgM (g), CD19 (h) and LEA binding (i). Histogram in (e) represents 
highest anti-IgM dose. (d) Western blot analysis of total CD19 ± Rapid PNGase F treatment of 
lysates. PNGase was used to remove all N-glycans and equalize molecular weight of the 
protein. Data shown are mean ± s.e.m of triplicate samples (b,e) and representative of n ≥ 3 
experiments. Each symbol represents one mouse, horizontal line represents the mean (a,c,g-i). 
Unpaired two-tailed t-tests with Welch’s correction. NS, not significant; **p<0.01; ***p<0.001. 
MFI, mean fluorescence intensity. 
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Figure 3.7. N-glycan branching deficiency in B cells promotes pro-inflammatory APC 
function. (a-f) LPS stimulated B cells were co-cultured with allogeneic CD4+ T cells (a-c) and 
congenic 2D2 TCR transgenic CD4+ T cells + 2.5 µg/mL hMOG35-55 (d-f) under TH1/TH17/TREG 
inducing conditions. CD4+ T cells were assessed by flow cytometry for intracellular staining of 
IFNg after 3 days (a,d), and IL-17A (b,e) and FOXP3 (c,f) after 4 days. Data shown are mean ± 
s.e.m of triplicate samples and representative of n = 3 experiments. Unpaired two-tailed t-tests 
with Welch’s correction. NS, not significant; **p<0.01; ***p<0.001.  
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Figure 3.8. Supplement to Figure 3.7. (a-c) LPS stimulated B cells were co-cultured with 
allogeneic CD4+ T cells under neutral conditions (a) and congenic 2D2 TCRMOG transgenic CD4+ 
T cells under TH1/TH17/TREG inducing conditions with indicated amounts of hMOG35-55 (b) or 
OVA323-339 (c). CD4+ T cells were assessed by flow cytometry for intracellular staining of IFNg 
after 3 days (a-c), and IL-17A or FOXP3 after 4 days (b,c). Data shown are mean ± s.e.m of 
triplicate samples and representative of n = 2 experiments.  
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Figure 3.9. N-glycan branching deficiency in B cells promotes inflammatory 
demyelination. (a-c) EAE was induced in 8-12 week old mice with day 0 indicating the time of 
immunization and clinical score (a), disease incidence (b), and highest clinical score (c) 
monitored over 35 days (n = 12 CD19cre+/-, 11 Mgat2f/fCD19cre+/-). (d,e) On day 35, mice 
induced with EAE were used for flow cytometric analysis of infiltrating CD4+ T cell and B220+ B 
cell in spinal cords (d), and in vivo cytokine production of splenic CD4+ T cells (e). Each symbol 
represents one mouse, horizontal line represents the mean, unpaired two-tailed t-tests with 
Welch’s correction (c-e). NS, not significant; *p<0.05; ✝p<0.01; ***/☨p<0.001. 
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Figure 3.10. N-glycan branching decouples endocytosis of surface TLR and CD19/BCR to 
suppress innate and promote adaptive immunity. Branching in B cells promotes endocytic 
loss of surface TLR (TLR4 and TLR2) to suppress ligand-induced surface TLR signaling and 
downstream APC activity in B cells via reductions in MHCII, CD80 over CD86, and pro-
inflammatory TNFa, which in turn inhibits B cell-dependent CD4+ TH1/TH17 differentiation and 
inflammatory demyelination.  Concurrently, branching promotes CD19/BCR surface-retention to 
drive Ca2+ flux and proliferation in response to BCR ligands, thereby promoting adaptive B cell 
function. While intermediate reductions in branching enhance surface TLR signaling, CD19/BCR 
surface expression/signaling is not impacted. Rather, complete absence of branched N-glycans 
is required to drive CD19 endocytosis and inhibit BCR responses, possibly via poly-LacNAc 
extension. Thus, the impact of branching on TLR/APC activity occurs over a large continuum, 
whereas a minimal level of branching is sufficient to promote BCR responses. Figure created 
with Biorender.com.  
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Chapter 4 

Conclusions and Future Directions 
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We have demonstrated that the galectin-glycoprotein lattice is an important 

regulator of B cell central tolerance and peripheral function in a cell intrinsic manner via 

N-glycan branching. The phenotypic consequences of N-glycan dysregulation in B cells 

are similar to what we’ve reported in T cells – on one hand, it results in the lack of a 

functional B cell repertoire, and on the other, it leads to aberrant B cell activation and 

autoimmunity. However, there are differences in how N-glycan branching regulates T 

and B cells worth mentioning.  

 When it comes to T cell proliferation, N-glycan branching deficiency leads to 

hyper-proliferation in a manner proportional to level of branching (i.e., Mgat1-/- > Mgat2-/- 

³ Mgat5-/-).1-3 Alternatively, GlcNAc supplementation, which further raises N-glycan 

branching, suppresses proliferation of T cells.3 Hyper-proliferation of N-glycan 

branching deficient T cells is likely through PLCg mediated Ca2+ flux, as this was shown 

to be enhanced.4 For B cells, however, we observe an opposite phenotype in that 

complete loss of N-glycan branching due to Mgat1-/- led to reduced PLCg activation, 

Ca2+ flux, and hypo-proliferation. Thus, N-glycan branching functions to suppress 

proliferation of T cells yet promote the proliferation of B cells. N-glycan branching 

promotes Ca2+ flux induced B cell proliferation by retaining CD19 at the surface, as 

evidenced by significant loss of surface CD19 in Mgat1-/- B cells. Notably, it is only 

Mgat1-/- that displayed this phenotype, as Mgat2-/- B cells have no difference in surface 

CD19, Ca2+ flux, and proliferation compared to control. Mgat5-/- B cells also proliferate 

similar to control.1 This suggests poly-LacNAc extension/compensation in B cells could 

be more efficient than in T cells, since Mgat2-/- T cell proliferation is only comparable to 

that of Mgat5-/- T cells. Investigating poly-LacNAc compensation in B cells would provide 
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us insight in how this glycan self-correcting mechanism may differ amongst lymphocyte 

populations. 

 Loss of surface CD19 in Mgat1-/- but not Mgat2-/- B cells demonstrate how critical 

N-glycan branching and extension is in regulating this co-receptor. It would be worth 

exploring whether forcing a greater “on” rate of CD19 (e.g., by CD19 overexpression) in 

N-glycan branching deficient B cells could rescue the hypo-proliferative phenotype. If 

surface CD19 levels were made to be comparable to that of wildtype/control levels, we 

would expect N-glycan branching deficient B cells to become hyper-proliferative like 

their T cell counterparts due to enhanced BCR/TLR clustering. It would also be 

interesting to explore how GlcNAc supplementation to B cells would affect proliferation 

and other functional outcomes. Increasing N-glycan branching with GlcNAc would 

promote CD19 surface retention to enhance proliferation, or raise the threshold of 

BCR/TLR engagement to prevent receptor clustering and inhibit activation. This is likely 

temporally regulated and nutrient/metabolite availability dependent. Thus, various time 

course and metabolism studies would allow us to understand how N-glycan branching 

dynamically changes during the course of B cell activation, growth arrest, and 

differentiation. 

 Our data on N-glycan branching and TLRs in B cells has challenged our current 

model of the galectin-glycoprotein lattice. Growth-promoting receptors (e.g., TCR and 

receptor tyrosine kinases) typically have high numbers of N-glycans (> 5) while growth 

inhibitory receptors (e.g., CTLA-4) have few N-glycans (≤ 4), allowing the Golgi to 

globally control growth versus arrest/differentiation signaling.5,6 As binding avidity 

between galectins and glycoproteins increases in proportion to LacNAc content, high N-
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glycan density within a glycoprotein generates significant avidity for galectins at low 

levels of branching, resulting in significant surface retention under basal conditions. In 

contrast, low N-glycan density falls below the threshold for stable association, requiring 

high levels of N-glycan branching activity for maintenance at the cell surface. The 

growth-promoting receptor, TLR4, has a high number of N-glycan sites (10 for humans, 

14 for mice), yet surface levels are barely detectable under basal conditions and when 

control B cells are stimulated with the TLR4 agonist, LPS. When B cells are N-glycan 

branching deficient, however, LPS induces a rise in TLR4 surface levels due to reduced 

endocytosis. Here, we have shown the galectin-glycoprotein lattice limits surface 

retention of growth-promoting TLR4 (and TLR2) in B cells. The current model does 

apply to growth-promoting CD19 (number of N-glycan sites = 5 for humans, 7 for mice), 

which is highly expressed and retained on the surface. Thus, we propose an alternative 

model of the lattice in which N-glycan branching promotes adaptive (i.e., CD19/BCR, 

TCR) and suppresses innate (i.e., TLR) signaling. From examining N-glycan branching 

levels across immune cell types, B cells, harboring both adaptive and innate growth 

receptors, sit between T cells and myeloid cells (Figure 4.1). Investigating how N-glycan 

branching regulates myeloid cells would unveil whether this proposed model stands, or 

if myeloid cells employ different N-glycan branching mechanisms to regulate activation 

and growth. 

 

Early B Cell Development  

We have demonstrated N-glycan branching to be a critical regulator of T cell and 

B cell central selection. A potential area of future research is determining the role of N-
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glycan branching in early B cell development – at the pro- and pre- B cell stages. IL-7R 

signaling is essential during these stages, as it supports pro-B cell survival, the pro-B to 

large pre-B cell transition, and large pre-B cell proliferation.7-9 Furthermore, galectins 

are suggested to play a role in early B cell development, implicating the galectin-

glycoprotein lattice. Gal-3-/- mice have greater numbers of pro-B cells with elevated 

surface levels of IL-7R, suggesting Gal-3 loss led to IL-7R induced arrest at the pro-B 

cell stage.10 Our group has demonstrated N-glycan branching regulates IL-7R signaling 

in T cells.11 Thus, we speculate N-glycan branching may affect IL-7R signaling in pro- 

and pre- B cells. It would be interesting to also explore how N-glycan branching 

regulates other important factors in B cell development and maturation, such as Notch 

signaling. 

 

Anti-inflammatory Regulatory B Cells 

Like TREG cells, regulatory B (BREG) cells are known for their immunosuppressive 

role in infections, autoimmunity, organ transplantation tolerance, and cancer.12,13 A 

handful of BREG subsets have been identified, with one of the more prominent ones 

being B10 cells which are characterized as CD1dhiCD5+ B cells that produce IL-10. We 

have shown N-glycan branching promotes TREG induction.14,15 Our preliminary data 

suggest N-glycan branching promotes the presence of B10 cells in vivo, evidenced by 

significant reductions in B10 cell percentage from Mgat2-/- and Mgat1-/- B cells (Figure 

4.2). CD19 has been shown to be essential in the generation of B10 cells16, which likely 

explains why Mgat1-/- B cells, being CD19 deficient, are devoid of B10 cells. However, 

this wouldn’t explain the reduction of B10 cells in Mgat2-/- B cells as they still retain high 
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levels of CD19. IL-21R and CD40 signaling are also known to be important for B10 cell 

generation17, so it is worth investigating whether N-glycan branching regulates these 

receptors for B10 cell generation, especially in Mgat2-/- B cells. Determining the role of 

N-glycan branching and the galectin-glycoprotein lattice in B10 cells would be novel and 

potentially of high impact. 

 

Antibody Class-Switching 

Producing infection fighting antibodies are the primary function of B cells, and 

whether N-glycan branching regulates this function is largely unknown. Immunoglobulin 

class switch recombination (CSR) occurs during the germinal center reaction, in which 

antigen engaged IgM-BCR expressing naïve B cells undergo rapid proliferation and 

differentiation to express class-switched IgG, IgE, or IgA receptors and antibodies with 

various functionalities.18 Cytokines are important during this process, as the presence 

and combination of different types influence which immunoglobulin isotype the B cell 

switches to. Preliminary data suggests N-glycan branching plays a role in influencing B 

cell Ig CSR in vitro (Figure 4.3). Notably, N-glycan branching deficiency (Mgat1-/-) 

enhanced CSR to a pro-inflammatory isotype, IgG3, while completely abolishing CSR to 

parasite fighting and allergy mediating, IgE (Figure 4.3a). The cytokine, IL-4, induces 

CSR to IgG1 and IgE, and preliminary data suggests surface levels of IL-4R is reduced 

in N-glycan branching deficient B cells (Figure 4.3b). Interestingly, reduced surface IL-

4R did not affect CSR to IgG1. Further investigation is needed to delineate how N-

glycan branching differentially induces IL-4R dependent IgG1 and IgE CSR, as well as 
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the other isotypes. It is also important and necessary to determine if this preliminary in 

vitro data have physiological relevance in vivo using mouse models of immunization.  

 

There are many other areas of future research to consider when exploring how 

N-glycan branching and the galectin-glycoprotein lattice affects B cell homeostasis and 

function, such as plasma cell generation, memory B cell generation, BCR clonality, age 

associated B cells (i.e., B cells in aging), and single particle tracking of B cell receptors. 

Undoubtedly, the work to date presented in this dissertation is just the tip of the iceberg 

for what we have discovered in N-glycan branching regulating B cell development and 

functions. Sometimes considered the “boring” immune cell, the B cell has risen in 

prominence over the past decade as researchers have continued to uncover new things 

about them. I hope our continued work on N-glycan branching in B cells and T cells 

brings the role of glycosylation to the forefront of immunology. 
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Figure 4.1. N-glycan branching levels of different immune cells. Flow cytometric analysis 
comparing N-glycan branching (i.e., L-PHA binding) on myeloid cells (neutrophils, monocytes, 
and dendritic cells) and lymphocytes (B cells, CD8+ T cells, and CD4+ T cells). 
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Figure 4.2. N-glycan branching affects B10 cells in vivo. Flow cytometric analysis of ex vivo 
splenocytes gated on B220+ B cells. Mgat2-/- B cells are from Mgat2f/f/CD19-cre+/- mice, and 
Mgat1-/- B cells are from doxycycline treated Mgat1f/f/tetO-cre/ROSA26-rtTA mice. Each dot 
represents one mouse, error bars indicate mean ± s.e.m. Unpaired two-tailed t-tests with 
Welch’s correction. NS, not significant; ***P < 0.0005. 
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Figure 4.3. N-glycan branching regulates B cell immunoglobulin CSR in vitro. Flow 
cytometric analysis of surface staining for class-switched B cells after four days of culture in the 
presence of LPS ± inducing cytokines. Unpaired two-tailed t-tests with Welch’s correction. Error 
bars indicate s.em. NS, not significant; ***P < 0.0005; **P < 0.005; *P < 0.05.  
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