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ABSTRACT OF THE DISSERTATION 

 
The Regulation of T cells by N-glycosylation 

 
By 

 
Raymond Wenhou Zhou 

 
Doctor of Philosophy in Biomedical Sciences 

 
 University of California, Irvine, 2014 

 
Professor Michael Demetriou, Chair 

 
 

The development of responsive and self-tolerant T cells is vital to immunity and 

autoimmunity and requires a narrow range of TCR signal strength in response to self-

peptide-MHC (pMHC) in the thymus. No or weak signals induce death of thymocyte 

(death by neglect), while strong signals also promote cell death (negative selection). 

Only intermediate signals encourage survival and maturation of thymocytes (positive 

selection). The upper and lower affinity boundaries that trigger positively selecting TCR 

signals are poorly understood and thought to be largely set by the affinity of newly re-

arranged TCR for pMHC with downstream modulation via signaling mechanisms.  

All eukaryotic cells are covered with a dense coating of sugars or glycans, 

namely glycocalyx, which includes cell surface glycoproteins. N-glycans of surface 

glycoproteins can interact with soluble galectins forming a molecular lattice that regulate 

cellular functions. Deletion of the Golgi branching enzyme N-acetylglucosaminyl 

tranferase V (Mgat5) markedly increases TCR clustering and signaling at the immune 

synapse in peripheral T cells, but surprisingly does not appear to alter thymocyte 

development. Therefore, we investigated this apparent paradox by deleting the 
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upstream Golgi branching enzymes Mgat1 and Mgat2 in thymocytes. We find that N-

glycan branching of TCR and the CD4/CD8 co-receptors act upstream of signaling to 

separately control the upper and lower affinity boundaries from which TCR-pMHC 

interactions positively select T cells.  
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Chapter 1 
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The immune system, which consists of many cell types, is vital to human health 

and disease. The purpose of the immune system is to defend the body from foreign 

organisms, such as bacteria, viruses, fungi and parasites. When encountering foreign 

invader, different types of immune cells orchestrate specific responses to contain and 

ultimately clear the infection. Among various types of immune cells, the T cell is one of 

the most important specialized cell types. With the capability to recognize any foreign 

pathogen by their T cell receptors (TCRs), T cells can function as executioners or 

facilitate the killing of infected cells. However, if dysregulated, these multifunctional cells 

can also recognize and attack host tissues. To maintain self-tolerance and the ability to 

fight foreign pathogens, the development of T cell is crucial and necessary.  

 

T cell development 

 The development of T cells takes place in the thymus, an organ that is located 

above the heart. Developing T cells are also called thymocytes. The thymus contains 

multiple lobes. Each lobe is divided into two regions; the outer cortex and inner medulla. 

Hematopoietic progenitors that originate in the bone marrow migrate to the thymus 

through the bloodstream and continue maturation into fully functional naïve T cells in the 

thymus. Two distinct lineages of T cells are produced. A majority of T cells express a 

TCR consisting of one α and β chain, and the minority γδ T cells bear a structurally 

similar γ and δ chain (1-3). While mature γδ T cells lack CD4 and CD8 (3, 4), mature αβ 

T cells express either CD4 or CD8 on their cell surface as co-receptor to the TCR. The 

production of CD4 and CD8 αβ T cells will be discussed here. 
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Double negative thymocytes and β-selection 

  Hematopoietic progenitor cells enter the thymus near the cortico-medullary 

junction without most of the molecules characteristic of T cells (5). In fact, when 

transplanted into the periphery, these cells can differentiate into B cells and NK cells (6, 

7). Interactions with thymic stroma initiate the differentiation of progenitor cells along the 

T cell lineage pathway. However, thymocytes at this stage still bear no CD4 and CD8, 

and for this reason, they are called double negative (DN) thymocytes. DN thymocytes 

can be subdivided further into 4 different populations depending on their expression of 

CD44 and CD25 (8). When precursors move through the cortex region, they start to 

express CD44 (CD44+CD25-, also called DN1). DN1 cells progress to DN2 as they 

express CD25 (CD44+CD25+). As DN2 thymocyte continues to mature further into DN3 

stage, they lose CD44 (CD44-CD25+). Finally, DN3 thymocytes develop into DN4 cells 

as they lose CD25 (CD44-CD25-) (8). Although the roles of CD44 and CD25 remain 

incompletely understood, their differential expression allows us to subdivide DN 

thymocytes and further characterize early stages of T cell development.  

 To generate a T cell repertoire with the potential to recognize any foreign 

pathogen, a large diversity of TCR specificities must be generated. Constructing 

different TCRβ chains is the first developmental phase of generating diverse TCRs. This 

process, β-selection, is one of the most important developmental stages. It begins soon 

after DN thymocytes become DN3 cells (9). TCRβ chain diversity is created by the 

process of combining mature TCRβ genes from variable (V), diversity (D), and joining 

(J) gene segments (10-12). VDJ locus rearrangements allow the expression of β-chains 

on the cell surface of DN3 thymocytes. The β-chains then couple with a surrogate 
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invariant pre-α-chain. This pre-TCR on the cell surface then forms a complex with CD3 

molecules that provide the signaling components of the T cell receptor. Successful 

assembly of the CD3-pre-TCR complex can promote cell proliferation, termination of β-

chain rearrangement, expression of CD8 and CD4, and initiation of α-chain locus 

rearrangement in a ligand-independent manner (13, 14). Lck, a Src-family tyrosine 

kinase, plays a key role in signaling of thymocytes at this stage (15, 16). 

 

TCRα locus rearrangement 

 Unlike the TCR β-chain, which is made up of VDJ segments, the α-chain only 

has one variable and one joining segment. Rearrangement of VJ segments begins 

immediately after pre-TCR signaling, although it can only be detected at low levels in 

DN4 cells (17). DN4 thymocytes then develop into CD4+ and CD8+ (DP) thymocytes. 

When large DP thymocytes cease to proliferate, rearrangement of α locus happens at 

maximum speed (17). In contrast to β-selection, the rearrangement of α locus does not 

stop at this stage and can occur multiple times on the same allele (18). Successful 

rearrangement of the α locus results in αβ TCR expression on small DP thymocytes.  

The expression of αβ TCR is important to subsequent selection events that form 

the responsive, functional, and self-tolerant T cell repertoire. Because T cells can kill or 

facilitate the killing of infected cells, all TCRs must be able to interact with host cells. 

Hence, T cells only recognize their targets by detecting foreign peptide fragments 

presented by membrane glycoproteins, major histocompatibility complex (MHC). 

Therefore, cessation of TCRα locus rearrangement is triggered when DP thymocytes 

express MHC-restricted αβ TCR.  
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TCR complex  

 Failure to rearrange the TCRα locus prevents the interaction of TCR with MHC 

and promotes death (13, 17-19). Successful combination of αβ TCR is not sufficient for 

developing thymocytes to survive and continue the maturation process. Additional 

signaling molecules are needed to couple with TCR to form a signaling complex. Such 

essential molecules include CD3γ, CD3ε, CD3ζ, and CD3δ (20-24). Deficiency in any of 

these invariant CD3 molecules causes T cell developmental defect. The importance of 

CD3 molecules has been shown by crosslinking CD3 molecules using anti-CD3 

antibodies. CD3 crosslinking can stimulate T cells regardless of their TCR specificity 

(25-28). This procedure is still being used today to stimulate T cells or thymocytes in 

laboratories around the world. Another important antibody, anti-CD28, is often used 

together with anti-CD3 antibody to provide a co-stimulatory signal to the TCR. It has 

been shown that the CD28 co-stimulatory signal may induce maturation or death of DP 

thymocytes depending on the strength of CD28 co-stimulation (29, 30). 

 

Death by Neglect and positive/negative selection 

 As mentioned before, it is extremely important for T cell to express a MHC-

restricted TCR. Positive and negative selections ensure the responsiveness and self-

tolerance of mature T cells, respectively. These processes happen after β-selection and 

α locus rearrangement. A TCR only recognizes a processed peptide that can be 

complexed with MHC; thus, positive selection ensures that mature T cells are capable 

of binding to peptide-MHC complexes (pMHC) (13). When interacting with self-peptide-

MHC, the TCR exerts downstream signals that are critical for the maturation and 
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survival of developing thymocytes. Thymocytes are not allowed to mature and escape 

unless they can interact with self-peptide-MHC in the thymus (31, 32). Not all TCRs 

produced will be able to recognize MHC molecules and to activate downstream 

signaling pathways; in fact, the majority (>95%) of DP thymocytes will die due to lack of 

TCR signaling. This is called death by neglect.  

 DP thymocytes that interact too strong with self-peptide-MHC will also die. This 

phenomenon is named negative selection. Negative selection is critical in deleting self-

reactive T cells and ensures that mature T cells circulating in the periphery will not be 

activated by self-peptide. Dysregulation of negative selection would render the host 

susceptible to autoimmunity (13, 33-35). Only intermediate TCR signaling promotes 

positive selection and allows DP thymocytes to continue the maturation process (13).  

 Due to the stringent selection processes, only a small fraction (<5%) of 

thymocytes will mature and become either CD4+ (MHC class II-restricted) or CD8+ 

(MHC class I-restricted) single positive (SP) T cells (36-39). Mature T cells exit the 

thymus and circulate in the periphery. Although positive and negative selection has 

been intensively studied over the last few decades, their molecular mechanisms remain 

poorly understood (13).  

 

TCR and the recognition of MHC molecules  

Two additional transmembrane molecules are essential for positive selection of T 

cells (40, 41). They are the CD4 and CD8 co-receptors. CD4 is a single chain molecule 

while CD8 is a heterodimer composed of α and β chains. Both co-receptors assist the 

TCR in interacting with MHC molecules on antigen-presenting cells (APCs).  
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There are two classes of MHC molecules. Most nucleated cells express the MHC 

class I proteins that recognize the CD8 co-receptor (42, 43). However, the class II MHC 

molecules are restricted to APCs, such as B cells, dendritic cells, macrophages and 

thymic epithelial cells (44). Co-receptor CD4 recognizes MHC class II molecules, while 

CD8 recognizes MHC class I molecules. During T cell development in the thymus, DP 

thymocytes can bind either MHC I or MHC II molecules through their corresponding co-

receptors. A sufficient signal through either CD4 or CD8 skews the development of DP 

thymocyte into CD4+ or CD8+ SP thymocytes, respectively. It has been shown that CD4 

deficient mice fail to produce CD4+ T cells (40), and CD8α deletion prevents the 

generation of CD8+ T cells (41).   

 

TCR signaling and selection 

 Through intensive investigations over the last decades, we have learned that 

TCR interactions with self-peptide-MHC play a commanding role in T cell selection (13). 

Only intermediate TCR signals positively select self-tolerant T cells (13). Thymocytes 

that do not receive sufficient basal TCR signaling die by neglect, whereas cells that 

encounter strong TCR signaling die by negative selection (13). It is difficult to elucidate 

the detailed mechanism of clonal selection because signals for both positive and 

negative selection originate from the T cell receptors and share various common 

signaling pathways. Nevertheless, transgenic mouse models have been extremely 

helpful in understanding the signaling pathways involved in positive selection.  

 The importance of CD4 and CD8 co-receptors in TCR signaling is highlighted by 

their ability to bring Lck to the proximity of the TCR complex (45). The tyrosine kinase, 
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Lck, has been shown to be vital to positive selection (45-47). Mice with mutated Lck 

showed defective positive selection (46). Following ligation of TCR, Lck is recruited by 

CD4 or CD8 co-receptors to the TCR complex and initiates signal transduction through 

phosphorylation of CD3ζ (48, 49). Phosphorylated CD3ζ then recruits and 

phosphorylates Zap-70, a Syk family protein tyrosine kinase (50-52). The active Zap-70 

consequently phosphorylates an adaptor protein LAT (53). LAT in turn mediates the 

formation of a signalosome which includes PLCγ1 and other downstream signaling 

molecules (54). Deficiency in either Zap-70 or LAT has been shown to impair the 

development of T cells in mice (55-57).  

 Among the molecules involved in the formation of the LAT signalosome, PLCγ1 

plays a crucial role to the generation of Ca2+ flux which is also important for normal T 

cell development (56, 58-60). Activated PLCγ1 hydrolyzes diacylglycerol (DAG) and 

inositol 1, 4, 5-triphosphate (IP3) from Phosphatidylinositol 4, 5-bisphosphate (PIP2). 

DAG and IP3 then initiate the release of calcium ions from the endoplasmic reticulum 

(ER) after binding to their receptors on the ER membrane (61). They also induce 

subsequent influx of extracellular Ca2+ through the calcium release activated Ca2+ 

channels (CRAC). Calcium ions activate the calcineurin pathway and induce 

downstream transcription factors that are important to the survival and maturation of 

developing thymocytes  (62). Although Ca2+ plays a key role, some demonstrated that 

Ca2+ signaling promotes negative selection independent of the calcineurin pathway (63, 

64). Calcium may also participate in other signaling pathways that are yet to be 

discovered.  
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 The extracellular signal-regulated kinases (ERK) pathway has been appreciated 

for many years for its role in positive selection. The significance of ERK was shown 

through the study of ERK1 knockout mice (65). TCR stimulation triggers the 

phosphorylation of ERK, and deleting ERK1 blocks positive selection of thymocytes 

(65).  

 There are many other proteins also involved in the selection of self-tolerant T 

cells (13). For example, c-Cbl, SLAP and Csk have been shown to affect T cell 

development (13). Their deficiency results in enhanced selection. c-Cbl and SLAP 

regulate surface TCR levels which may affect TCR signaling (66, 67). Csk negatively 

regulates Lck activity. Knockout of Csk in mice resulted in positive selection of mature 

CD4 T cells in the absence of MHC or a surface TCR (68).  

 Numerous studies suggested that Fas ligand/receptor interactions are important 

but not required to delete autoreactive thymocytes (69). Tumor necrosis factor (TNF) 

signaling is unnecessary (70). Schurri-2 and Themis have recently been shown to 

participate in positive selection as well; deletion of either resulted in defective T cell 

development in mice (71, 72). Due to the common signaling input from TCR stimulation, 

it is not surprising that the selection of responsive and self-tolerant T cells is 

complicated. Yet, more is being discovered every day. 

 

Phenotypes of developing thymocytes  

As thymocytes progress through different phases of maturation, different cell 

surface molecules are turned on or off. These cell surface markers allow 

characterization thymocytes subsets during development.  
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TCRβ expression can be used to track the maturity of developing thymocytes. 

Thymocytes expressing a higher level of TCRβ are relatively more mature than those 

expressing an intermediate level (73). CD69, an activation marker, is often used 

together with TCRβ to identify certain populations of thymocytes (74). TCRβhiCD69hi 

and TCRβhiCD69lo populations define post-positive selection and mature SP cells ready 

for export, respectively (75). Another cell surface marker, CD24 or heat stable antigen 

(HSA), is highly expressed on immature DN thymocytes, but it disappears as they 

become mature (76). In contrast to CD24, typical T cell marker such as CD28, are 

upregulated on positively selected thymocytes (77). 

 

Apoptosis in developing thymocytes  

Both unresponsive and autoreactive thymocytes are deleted in the thymus. Soon 

after the assembly of αβ TCR at the DN4 stage during development, thymocytes 

express both CD4 and CD8 molecules on the cell surface. These DP thymocytes enter 

a quiescent state for three to four days. One remarkable activity is TCR α locus 

rearrangement (17). Surviving a few days in the thymus allows DP thymocytes to test 

different combinations of αβ TCR. Many proteins are expressed or upregulated in DP 

thymocytes to support survival. 

Interleukin-7 (IL-7) signaling has been widely studied. During T cell development, 

IL-7 is important in maintaining cell survival (78). Deleting IL-7 in mice causes 

lymphopenia (79). Furthermore, IL-7 is best known for its role in controlling numerous B 

cell lymphoma 2 (Bcl-2) family members. The Bcl-2 family contains both pro-apoptotic 
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and anti-apoptotic proteins, and the equilibrium of these proteins is pivotal in thymocyte 

survival (80). 

 B-cell lymphoma-extra-large (Bcl-xL) is a pro-survival member in the Bcl-2 

family. It dictates the survival of DP thymocyte in the thymus (81). It has been shown 

that expression of Bcl-xL is upregulated in DP thymocytes (82). A study using Bcl-xL 

overexpression mice showed that extra rounds of TCRα rearrangement were allowed in 

DP thymocytes with extended life (83). Myeloid cell leukemia sequence 1 or Mcl-1 is 

another member of the Bcl-2 family. It promotes survival of thymocytes through 

inhibition of the pro-apoptotic protein, Bcl2-antagonist/killer 1 or Bak (84). 

Many pro-apoptotic proteins have been described (80). Among the most studied, 

pro-apoptotic Bcl2-associated X protein (Bax) was reported to be upregulated when IL-7 

signaling was blocked (85). Pro-apoptotic Bim plays a central role in death by neglect 

and negative selection (86, 87). Bim interferes with pro-survival Bcl-2 molecules, such 

as Bcl-xL, to enable pro-apoptotic proteins Bak and Bax to turn into active forms. 

Deletion of Bim in mice inhibits negative selection, yet it was only partially blocked when 

downstream pro-survival Bcl-2 was overexpressed (88). This suggests an alternative 

pathway independent of Bim. Indeed, Nur77, a member of the orphan steroid receptor 

family, has been shown to induce apoptosis in negative selection (89).  

 Many other anti-apoptotic and pro-apoptotic proteins have been described (80). 

Overall, the balance between the two groups of proteins is the most influential factor 

due to the ability of each group to antagonize each other.  
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TCR transgenic mouse models of selection   

 The DP thymocyte population is diverse and polyclonal due to the variability of 

each αβ TCR combination. However, only a small fraction of DP thymocytes is 

undergoing positive selection at any given time. Therefore, many different TCR 

transgenic mouse models have been created to investigate both positive and negative 

selection (13). Each of these transgenic mice expresses a TCR with defined specificity, 

so their DP thymocytes can be analyzed without variation. Moreover, the TCR 

specificity of any of these TCR transgenic mice is specific to their own known antigen. 

This feature makes TCR transgenic mice the most commonly used models to examine 

negative selection. Even more useful is that some antigens are endogenous protein 

expressed in the mice, so no further manipulation is needed.  

 One of the most widely used TCR transgenic mouse models is the HY model. 

These transgenic mice express a TCR specific for the endogenous male (HY) antigen 

presented on class I MHC (90).  Transgenic CD8+ thymocytes are deleted only in the 

male mice because the presentation of auto-antigen by MHC class I is male specific. 

The HY antigen expressed in male mice induces negative deletion due to strong TCR 

signalings. On the other hand, transgenic thymocytes in the female mice are not 

affected because they do not have the male antigen. This model can be used to study 

positive selection of T cells in the female, while negative selection can be studied in the 

male.  

 Another frequently used TCR transgenic model is the OT-II mice. Transgenic 

thymocytes from these mice express an ovalbumin (OVA)-specific, MHC class II-

restricted TCR (91). This model provides a mono-clonotypic repertoire of developing 
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thymocytes for characterization and for both in vivo and in vitro experiments. However, 

natural negatively selecting antigen is not present in these mice. Transgenic CD4+ 

thymocytes will be positively selected. Nevertheless, negative selection can be induced 

by administrating OVA peptide (91). 

  

T cell development and chemokines 

The unique structure of the thymus promotes the proliferation, differentiation, and 

clonal selection of developing thymocytes. These processes are mediated by thymic 

epithelial cells (TECs). TECs are the major components of the thymic stroma which is 

divided into the cortex and the medulla. Both the cortex and the medulla contain several 

distinct subsets of TECs. These TECs support the progressive differentiation of 

developing thymocytes into mature T cells (92-94). Thus, cell migration plays an 

essential role in the regulation of intrathymic T cell homeostasis and development. 

Eventually, mature T cells need to exit the thymus and migrate into the periphery. 

Migration of mature T cells from the thymus into the periphery is crucial to maintain 

peripheral T cell homeostasis.  

In the thymus, chemokines play a critical role in regulating the development of T 

cells. Chemokines are a class of chemotactic cytokines that control various cellular 

responses including cell migration, differentiation and development (94-96).  

 

The chemokine superfamily 

Chemokines are small, soluble proteins produced by both lymphoid and non-

lymphoid cells. The human chemokine superfamily is comprised of 48 ligands and 19 
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receptors. A single chemokine may bind to multiple chemokine receptors, and a single 

chemokine receptor is capable to recognize different chemokine ligands.   

 The molecular signature of chemokines includes four conserved cysteine 

residues. The first cysteine residue forms a disulfide bond with the third, whereas the 

second forms a second disulfide bond with the fourth cysteine (96).  Chemokines are 

grouped into four subfamilies based on the arrangement of the N-terminal two cysteine 

amino acids. They are CXC, CC, (X)C, and CX3C chemokines. In the CXC subfamily, 

one amino acid separates the first two cysteines, whereas two cysteines are next to 

each other in the CC subfamily. Most chemokine ligands are in the CXC and CC 

subfamilies. CX3C subfamily is a single member family; the CX3CL1 chemokines has 

three amino acids between the two cysteines. The (X)C subfamily chemokines lacks the 

first and the third cysteines (96).  

 Chemokines may be categorized into different groups based on their functions. 

Inflammatory chemokines are upregulated under inflammatory conditions. Homeostatic 

chemokines are constitutively expressed in lymphoid or other organs, and they normally 

mediate homeostatic migration and homing of various cells such as lymphocytes. 

Moreover, some chemokines play both inflammatory and homeostatic roles (96).   

 Chemokines induces their functions by binding to their receptors. The chemokine 

receptors are found to be class A G protein-coupled seven transmembrane-domain 

receptors (GPCRs) (97). Like chemokine ligands, the chemokine receptors may also be 

categorized into four subfamilies according to the subfamily of their major chemokine 

ligands  (98).  
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 Chemokine ligand-receptor interaction mediates different signaling pathways that 

lead to various functional responses such as migration, proliferation, and differentiation. 

The binding of chemokine induces a conformational change of the receptor. The G 

proteins later dissociate from the receptor and initiate downstream signaling pathways 

including activation of protein kinase C (PKC) and Akt and induction of Ca2+ mobilization 

(99). Another crucial chemokine signaling pathway is the Janus kinases/Signal 

Transducer and Activator of Transcription (Jak/Stat) pathway. Upon the binding of 

chemokine ligands, chemokine receptors induce transphosphorylation of associated 

Jak’s; the activated Jak then phosphorylates Stat proteins which form heterodimer. The 

Stat heterodimer translocates to the nucleus and induce transcription of specific genes 

(100-102).   

 

Chemokines and chemokine receptors in T cell development 

  Migration of fetal liver (during fetal life) and bone marrow progenitors (after 

birth), is likely to be controlled by the expression of chemokine receptors. Chemokines 

are involved in T cell progenitor colonization of the thymus. During development in the 

thymus, developing thymocytes migrate from outer capsule to the inner medulla region 

within the thymus. The migration of cells allows sequential interaction with different 

types of stromal cells. The migration process of cells is thought to be regulated by the 

expression of chemokines and their receptors (103). Various chemokines are expressed 

in the thymus. Some chemokines attract mature lymphocytes, while others attract 

immature T cells and thymocytes subset with different efficacy (104). Thus, specific 
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localization of thymocyte subsets within the thymus may be explained by the differential 

chemotactic response of these subset (103).  

 During embryonic development, thymocytes populate the thymus in waves. The 

earliest waves are at embryonic day 11.5. CXCL12 and its receptor CXCR4 have been 

demonstrated to be involved in the recruitment of progenitor cells to the thymic (105). 

However, CXCR4 deficient fetal liver cells are able to reconstitute the thymus in 

irradiated recipients (106). This indicates that possible redundancy of chemokines and 

chemokine receptors may involve the recruitment and homing of precursors to the 

thymus.  

CCL25, also known as Thymus-Expressed Chemokine (TECK), is expressed by 

thymic epithelial cortical cells, medullary cells, and thymic dendritic cells (107). It 

induces migration of thymocytes, but not mature peripheral T cells (108). It has been 

shown to be able to attract thymic precursors; however, anti-CCL25 blocking antibodies 

could not completely prevent the recolonization of thymic precursors (109). The CCL25 

receptor has been identified to be CC chemokine receptor 9 (CCR9), a thymus-

expressed GPCR (110). The expression of CCR9 on subsets of thymocytes is tightly 

regulated during thymocyte development. CCR9 expression can be detected on DN 

thymocytes. The level of CCR9 dramatically increases as cell transitioning from DN to 

DP thymocytes. Its expression decreases as DP thymocytes mature into SP 

thymocytes. This receptor may be downregulated in peripheral T cells because no 

chemotactic response was detected with mature T cells (108). It is possible that 

downregulation of CCR9 expression on mature T cells is required, so they may be able 

to exit the thymus and migrate to the periphery.  
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The differentiation of DN thymocytes into DP thymocytes is generally believed to 

occur in the cortex. During the migration in the cortex, DP thymocytes are being 

selected. Only positively selected thymocytes are able to survive and migrate to the 

medulla region where maturation into SP thymocytes continues. DP thymocytes 

express the chemokine receptors CCR9 and CXCR4, so they respond to CCL25 and 

CXCL12, respectively (94, 107). Thus, CCR9 and CXCR4 are also involved in the 

migration of DP cells across the cortex. 

Despite high level of CCL25 and CCR9 in the thymus, deleting CCR9 does not 

affect thymic cellularity and thymocyte composition (111-113). Nevertheless, CCR9 was 

shown to affect thymocytes prior to or at the DN3 stage and early thymic progenitor 

(114). In fetal thymic organ cultures (FTOC), CCR9 deficient DN1 cells were 

comparable to WT DN1 cells in generating DP thymocytes; however, under competitive 

FTOC, generation of CCR9-deficient DP cell numbers were evidently reduced. In 

addition, CCR9 deficient DP cells were disadvantaged in their ability to generate CD4 

SP thymocytes (95). In summary, CCR9 play various roles in the development of T 

cells. It involves in the migration of progenitor cells to the thymus, in the transition of DP 

from DN thymocyte, and in the generation of CD4 SP thymocytes.  

 Another chemokine receptor, CCR7, has also been shown to play a role in T cell 

development (115). CCR7 is the receptor for CCL19 and CCL21 (116). CCR7 is 

expressed on thymocytes transitioning from DN1 to DN2 stage. Deficiency of CCR7 

affects the migration of these early developing cells. In the absence of CCR7, some of 

the transitioning cells undergo developmental arrest at this stage. These observations 

implicate that these cells migrate into the cortex in response to CCL19 or CCL21 and 
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are not redundant with other chemokines/chemokine receptors (115). However, deletion 

of CCR7 in mice does not completely block development of T cells although it affects 

the size and morphology of the mouse adult thymus (115).  

 Positively selected thymocytes express both CCR7 and CCR9 (117-119). The 

ligands for CCR7 (CCL19 and CCL21) and CCR9 (CCL25) are also expressed in both 

cortex and medulla, but the expression of CCL19 and CCL21 are found to be more 

remarkable in medulla region (120). Together, these studies support the role of CCR7 

and CCR9 in directing the migration of positively selected cells from the cortex into the 

medulla.  

 Upon arrival in the medulla, positively selected cells finish the clonal selection 

processes and continue the maturation into either CD4+ or CD8+ T cells. Whether 

chemokine/chemokine receptor is involved in the maturation process within the medulla 

remain unclear. However, CCL19, a ligand for CCR7, has been demonstrated to be 

critical in the emigration of mature T cells from the thymus into the periphery (121). 

Despite the role of CCL19/CCR7 in the emigration of mature T cells, lack of CCR7 does 

not block the generation of T cells. At the same time, CCR9 is downregulated as 

thymocytes continue to mature within the medulla. However, the downregulation of 

CCR9 seems to be lineage specific. While CD4 T cells exit the thymus as CCR9-, CD8 

T cells retain CCR9 and home to the peripheral organs as CCR9+ T cells. In addition, 

CCR9 is crucial for the migration to small intestine (122). Nevertheless, these findings 

suggest other possible chemokines and/or chemokines receptors that can compensate 

the functions of CCL19/CCR7.   
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 A study demonstrated that the deletion of both CCR7 and CCR9 in mice severely 

reduced the number of early thymic progenitors, but thymic cellularity of these mice was 

normal. In addition, CCL4/CCR5, CCl1/CCR8, CCL11/CCR3, and CXCL16/CXCR6 

have been suggested to play various roles in the development of T cells (107, 123-125). 

Overall, functional redundancy of the huge family of chemokines and chemokine 

receptors may be necessary to ensure proper biological processes. Other chemokines 

and/or chemokine receptors may also play a role in the development of T cells.  

 

T cell development and glycosylation  

 T cell selection has been intensively investigated for the last decades. Most 

studies focused on the molecular functions of signaling molecules, transcription factors, 

and the epigenetics of T cell development (13, 126). The majority of these studies 

examined the biology downstream of TCR stimulation. Without doubt, these studies are 

critical to the understanding of T cell production, health and diseases. Surprisingly, the 

effect of glycosylation of the TCR complex to T cell selection has not been thoroughly 

investigated. Glycosylation might be one of the key regulating mechanisms of T cell 

production because it is the most common post-translational modification on the cell 

surface. In fact, almost all key surface proteins involved in immune responses are 

glycosylated (127). This implies a significant potential role of glycosylation during T cell 

development. 
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The N-glycosylation pathway 

 All eukaryotic cells are covered with a dense coating of sugars or glycans which 

gives rise to the so-called glycocalyx (128). The glycocalyx, approximately 100-

nanometers thick, is enormous in size relative to the phospholipid bilayer cell membrane 

which measures less than 10-nanometers. The major components of the glycocalyx are 

glycolipids, glycoproteins and proteoglycans. The structures of the glycan side chains of 

glycolipids and glycoproteins are extremely diverse. The enormous size, abundance 

and diversity of glycan structures dominating the cell surface topology suggest a 

significant role for information encoding that is distinct from the genome.  

Asparagine (N)-linked and Serine/Threonine (O)-linked glycans are two major 

types of glycosylation on cell surface molecules. The majority of surface proteins are co-

translationally modified with glycans in the ER; further modifications occur in the Golgi 

apparatus. Modifications of N-glycans require sequential subtraction/addition of 

monosaccharaides  by a series of glycohydrolases and glycosyltransferases (Fig. 1.1) 

(129, 130).   

N-glycosylation of proteins starts with the transferring of pre-assembled 

Glc3Man9GlcNAc2 (three glucoses, nine mannoses, and two N-acetylglucosamines) 

from carrier dolichylpyrophosphate to the asparagine residue of the Asn-X-Ser/Thr 

(NxS/T) motif of nascent proteins by Oligosaccharyltransferase in the ER (131).  The 

transferred pre-assembled glycan is then extensively modified by removal and addition 

of various sugars during its transition through the ER and the Golgi apparatus. The 3 

glucoses of the newly added glycan are trimmed by Glucosidase I and Glucosidase II 

(132). After that, four mannoses from the trimmed glycan, Man9GlcNAc2, are cleaved by 
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Mannosidase I, and the remaining Man5GlcNAc2 glycan is the substrate of the first N-

acetylglucosaminyltransferase (Mgat) enzyme (Fig. 1.1) (133).   

The Mgat enzymes (Mgat1, Mgat2, Mgat4a/b, and Mgat5) act in a sequential 

manner to initiate branching by the addition of GlcNAc to mannose molecules. Mgat1 

catalyzes the addition of the first GlcNAc (134, 135), which creates the mono-antennary 

GlcNAc branched N-glycan. Mannosidase II then produces GlcNAcMan3GlcNAc2 by 

removing two more mannoses from the Mgat1 product (133).  Mgat2 adds a GlcNAc on 

another mannose sugar to create a bi-antennary N-glycan structure (136). Furthermore, 

Mgat4 creates a tri-antennary N-glycan by adding a GlcNAc on the same mannose that 

was decorated by Mgat1 (137). Lastly, a tetra-antennary structure is produced by 

Mgat5. Mgat5 catalyzes the addition of one GlcNAc on the mannose that was modified 

by Mgat2 (138). Galactosyltransferase-3 extends the branches by adding galactoses to 

the GlcNAc branches creating N-acetyllactosamine. N-acetyllactosamine can be 

repeatedly extended to form poly-N-acetyllactosamine, continued addition is terminated 

when sialic acid is added (139, 140).  

The same protein is modified into multiple different glycoforms. This is dependent 

on the availability of the substrate UDP-GlcNAc and the activity of the enzymes 

responsible for the modifications. Supplementation of cells with GlcNAc and/or uridine 

has been shown to be effective at increasing N-glycan branching (141). A plant lectin L-

PHA (Phaseolus vulgaris, leukoagglutinin), which binds Mgat5 catalyzed β1, 6 GlcNAc 

branched N-glycan, can be used as a general marker of branching levels (Fig. 1.1). 

LEA (Lycopersicon esculentum agglutinin or tomato lectin), which recognizes poly-N-
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acetyllactosamine structure, may be used to measure the degree of branching 

extension.  

 
 
The galectin-glycoprotein lattice 
 

N-acetyllactosamine is the minimal binding unit recognized by a group of soluble 

sugar-binding proteins called galectins (Fig. 1.1) (142). Galectins, a 15-member family 

in mammals, are ubiquitously expressed and secreted to the cell surface (142). These 

soluble proteins have been categorized into 3 different groups known as homodimers, 

tandem, and chimeric galectins. Galectins that form dimers are also called prototypical 

galectins. Each galectin has one carbohydrate recognition domain (CRD). This group 

contains galectin-1, -2, -5, -7, -10, -11, -13, -14, and -15. Tandem galectins have two 

CRDs and may dimerize. This group includes galectin-4, -6, -8, -9 and -12 (143). 

Galectin-3 is in the chimeric group. Each galectin has one or two CRD, but also may 

also form dimers or form pentamers (144). Galectins are also expressed in the 

cytoplasm, where they have different functions compared to interactions with cell 

surface glycoproteins (145).  

 Galectins bind N-acetyllactosamine on glycoproteins. The binding avidity is 

proportional to the number of N-acetyllactosamine units, which is determined by the 

number of GlcNAc branches per N-glycan and the number of N-glycans per protein 

(146). When multivalent galectins bind N-glycans on one or more glycoproteins at the 

cell surface, they form macro-molecular lattices (142, 144, 147). The galectin-

glycoprotein lattice has been shown to control activity of surface glycoproteins through 

two molecular mechanisms (148). First, it regulates membrane localization, lateral 
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movement, and clustering of glycoproteins at the cell surface. Second, it inhibits 

endocytosis of surface molecules (148). Transmembrane glycoproteins interacting with 

cytoskeleton (actin microfilaments, the spectrin scaffold) and/or endocytic machinery 

through adaptor proteins inside the cell also bind galectins at the cell surface. The 

galectin-glycoprotein interaction opposes the cytoskeleton-mediated movement and 

inhibits endocytosis of surface proteins. As a result, the galectin-glycoprotein lattice at 

the cell surface couples with the organization inside the cells to control the lateral 

movement and endocytosis of surface glycoproteins. Thus, the lattice regulates cellular 

functions, growth, and cell surface organization (148).  

  

Deficiency of GlcNAc branching  

 The galectin-glycoprotein lattice can be manipulated by altering the structures of 

N-glycans on glycoproteins (141). Mutated Chinese hamster ovary (CHO) cells with 

alterations in glycosylation have been characterized (149). These mutants have been 

used to investigate the biological significance of N-glycosylation (149). In addition, 

various chemical inhibitors can be used to inhibit enzymatic activities of a number of 

enzymes involved in the N-glycosylation pathway (141). For example, swainsonine 

inhibits mannosidase II and blocks N-glycan branching at the mono-antennary stage. As 

a result, it leads to hyperactivity, enhanced T cell proliferation. Kifunensine can be used 

to block mannosidase I and GlcNAc branching. However, using chemical inhibitors only 

partially reduces N-glycan branching. Positive feedback to restore branching may occur 

and thus enhancing galectin avidity and strengthening the lattice.  
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Transgenic mouse models have been widely used to further characterize the role 

of N-glycosylation. Germline deletion of Mgat1 results in N-glycan structures lacking 

GlcNAc branching and causes embryonic lethality at day 9 (150). Homozygous Mgat2 

mutations in humans result in a childhood disease named congenital deficiency of 

glycosylation (CDG) type IIa (151). Mice lacking Mgat2 also display similar symptoms to 

CDG type IIa (152). Mgat4 has two isoforms: Mgat4a and Mgat4b. Mgat4a is mainly 

expressed in pancreatic β cells. Deletion of Mgat4a enhances surface loss of glucose 

transporter 2 (Glut2) and results in Type II diabetes in mice (153). On the other hand, 

Mgat4b is ubiquitously expressed. However, Mgat4b or Mgat4a/b deficiency results in 

compensatory upregulation of poly-N-acetyllactosamine and the Mgat5 products, β1, 6 

GlcNAc-branched N-glycans (154). Therefore, avidity of N-glycans to galectins may be 

largely retained in Mgat4 double knockout mice. Mgat5 null mice show an abnormal 

immune system phenotype and develop autoimmunity (147, 155, 156). Mgat5-mediated 

N-glycosylation has been shown to negatively regulate pro-inflammatory cytokines 

(155). Mgat5 null mice without the tetra-antennary GlcNAc branch exhibit enhanced 

TCR clustering and signaling, as well as kidney autoimmune disease (147). 

Phosphorylation of TCR proximal signaling molecules and calcium flux are enhanced in 

Mgat5 null T cells upon stimulation (147). However, T cell development is not clearly 

affected.  

Inhibiting the binding of galectins to N-glycans may disrupt the galectin-

glycoprotein lattice. Galectins are a 15-member family, and binding redundancy is 

expected among them. Moreover, loss of galectin expression in the cytoplasm also may 

cause non-specific secondary effects. Therefore, disruption of the interaction between 
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galectins and cell surface glycoproteins can be achieved by reducing/abolishing N-

acetyllactosamine branching.  

 

Regulation of spontaneous TCR clustering and signaling by N-glycosylation 

 Peripheral naïve T cells require a minimal level of basal signaling for survival in 

the absence of pathogen (157). TCR clustering induced by foreign antigen bound to 

MHC markedly increases signaling intensity and promotes cell proliferation. Growth 

arrest is initiated after multiple rounds of division. T cells then differentiate into effector T 

cells and respond to pathogens. Dysregulation in any of these steps, which were 

demonstrated in the Mgat5 null mice, leads to loss of self-tolerance and autoimmunity 

(148).  

 TCR clustering induces a conformational change in CD3ε that recruits the 

adapter protein non-catalytic region of tyrosine kinase adapter protein 1 (Nck) to the 

TCR complex (158, 159). Nck binding with Wiskott Aldrich syndrome protein (WASp) 

and Src homology 2 domain-containing leukocyte protein of 76 kDa (SLP-76) then 

recruits F-actin to TCR which is transferred to the GM1-enriched microdomain (GEM) 

(160-163). The localization of TCR in the GEM is critical for the activation of Lck which 

initiates TCR signaling. In the absence of agonist, galectin binding to the N-glycans of 

the TCR inhibits spontaneous clustering and prevents unnecessary downstream 

molecular events such as non-specific activation of Lck (147). Autophosphorylation of 

Lck at Tyr394 is required for initiating the TCR signaling cascade. Most cytoplasmic Lck 

is associated with CD4 or CD8 which is recruited to the TCR complex upon the binding 

to peptide-MHC. Strikingly, disruption of the galectin-glycoprotein lattice through the 
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deletion of Mgat5 promotes oligomerization of the TCR and activates downstream 

signaling events that were just described (164).  

The interaction of galectin-1 and -3 with multiple glycoproteins including the TCR 

complex has been shown by using galectin affinity chromatography and T cell lysate 

(165, 166). In addition, co-immunoprecipitation studies demonstrated the association of 

endogenous galectin-3 with the TCR complex, and such interaction is N-glycan 

dependent (147).  

 

Regulation of membrane localization of CD45  

Beside TCR clustering, the galectin-glycoprotein lattice also controls the lateral 

movement of other cell surface proteins. For example, CD45, a member of the protein 

tyrosine phosphatase family, is controlled by N-glycosylation. This phosphatase 

suppresses Lck activation and TCR signaling by dephosphorylating Tyr394 of Lck (167). 

Compartmentalization of CD45 in the immune synapse is maintained by N-glycosylation 

(164). Retention of CD45 within the immune synapse is disrupted in Mgat5-deficient T 

cells (164).  

 CD45 is highly expressed at the cell surface of all nucleated hematopoietic cells. 

A small proportion of CD45 localizes to GEMs, where it inactivates Lck by 

dephosphorylating Tyr394 and suppresses TCR signaling (168-171). 

Compartmentalization of CD45 to the GEMs is mediated by its extracellular domain 

(170), and the extracellular domain is highly decorated by N-glycans (172). Interaction 

of galectins with CD45 has been demonstrated (164). Chen et al. found that disrupting 

the galectin-glycoprotein lattice via Mgat5 deficiency, lactose and/or swainsonine (a 
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mannosidase II inhibitor) treatment reduces interaction of galectin-3 with CD45 and 

leads to F-actin-mediated exclusion of CD45 from GEMs in resting T cells (164). 

Treatment with Latrunculin A, which disrupts microfilament organization, increased 

CD45 localization to GEMs and reversed CD45 exclusion following galectin-glycoprotein 

lattice disruption. Altogether, these observations indicate that F-actin opposes the 

galectin-glycoprotein lattice to maintain CD45 outside of GEMs. Thus, galectin-

glycoprotein lattice maintains the localization of CD45 to GEMs, so it can dampen basal 

TCR signaling in resting T cells.  

 

N-glycosylation enhances surface retention of CTLA-4 

Growth arrest is required before activated dividing T cells turn into effector T 

cells. Growth inhibitory molecules on the cell surface are necessary to halt T cell 

proliferation. Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) is among the most studied 

inhibitory molecule (173). CTLA-4 and CD28 are sequence-related transmembrane 

protein members of the immunoglobulin gene superfamily. They compete for 

CD80/CD86 co-stimulatory ligand on APCs. CD28 is an activating receptor while CTLA-

4 is inhibitory. CD28 is constitutively expressed in both resting and activated cells. 

However, CTLA-4 is predominantly found in endosomes/lysosomes due to constitutive 

endocytosis mediated by AP-2. Expression of CTLA-4 is induced four to five days after 

T cell activation. CTLA-4-deficient mice develop severe autoimmunity (174).  

Cell surface retention of CTLA-4 is critical to stop T cell growth. However, CTLA-

4 only has two N-glycan sites (NXS/T motif), and increased endocytosis of CTLA-4 in 

Mgat5 null mice was reported (146). In addition, the Ala17 polymorphism of human 
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CTLA-4 reduces the number of N-glycans attached to CTLA-4 by approximately 50% 

(from two to one) and is associated with reduced CTLA-4 surface expression and T cell 

hyperactivity (175, 176).  

Besides CTLA-4, the retention of other surface receptors (GLUT4, TGF-βRII, 

EGFR, etc.) has also been demonstrated to be regulated by N-glycosylation (146). Thus, 

galectin-glycoprotein interaction inhibits endocytic loss of surface molecules.  

 

N-glycosylation and chemokine receptors 

 Almost all chemotactic chemokine receptors contain very low numbers (less than 

three) of N-glycan sites (NxS/T motifs), although a few of them do not have N-glycan 

site. This property of the chemokine receptors suggests that the biology of these 

chemokine receptors may be affected by a small change of N-glycan branching.  

Without the binding of ligand, chemokine receptors undergo a basal level of 

internalization and degradation or recycling. Ligand binding promotes the 

internalization and trafficking of these chemokine receptors. Low numbers of N-

glycan sites and the susceptibility to endocytosis of these chemokine receptors 

make them very good candidates to be controlled by the galectin-glycoprotein 

lattice.  

 Indeed, a study showed that N-glycosylation of the chemokine receptor CXCR2 

protects itself from proteolytic cleavage and prevents its disappearance from the 

neutrophil surface (177). Data from this study also showed that glycosylation may be 

required to maintain neutrophil responsiveness to CXC chemokines during inflammation 

(177). A number of chemokine receptors have been suggested to participate in the 
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development of T cells (107, 123-125); therefore, these chemokine receptors may 

possibly affect the migration of thymocytes via N-glycosylation.  

 

Summary 

 In summary, the galectin-glycoprotein lattice has been shown to regulate basal, 

activation, and growth arrest signaling in peripheral T cells. Deletion of the Golgi 

branching enzyme Mgat5 weakens the galectin lattice and markedly increases TCR 

clustering and signaling at the immune synapse. Surprisingly, this was not observed to 

alter positive selection during T cell development (147). The goal of this study was to 

investigate this apparent paradox, to investigate the significance of N-glycosylation in T 

cell production.   
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Figure 1.1 The N-glycosylation branching pathway. Oligosaccharyltransferase 
transfers a pre-assembled glycan, Glc3Man9GlcNAc2, to the NxS/T motifs on 
glycoproteins in the ER. As glycoproteins transit through the Golgi, the N-
acetylglucosaminyltransferase enzymes (Mgat1, Mgat2, Mgat4, and Mgat5) act in a 
sequential manner to generate branched N-glycans that display increasing affinities 
for galectins. Galactosyltransferase 3 extends the branches by adding a galactose 
to GlcNAc creating N-acetyllactosamine which can be bound by galectins. L-PHA 
binding sites are indicated. GI, glucosidase I; GII, glucosidase II; MI, mannosidase I; 
MII, mannosidase II; GalT3, Galactosyltransferase 3. This figure was originally 
published by Grigorian et al. (156) © the American Society for Biochemistry and 
Molecular Biology. 
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Chapter 2 

Bi-directional expansion of thymocyte positive selection via  

N-glycosylation mediated decoupling of Lck from Ca2+ signaling  
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Abstract 

Positive selection of diverse yet self-tolerant thymocytes is vital to immunity and 

autoimmunity and requires a limited degree of T cell receptor (TCR) signaling in 

response to self-peptide-MHC (pMHC). Affinity of newly generated TCR for pMHC 

primarily sets the boundaries for positive selection. Here we report that N-glycan 

branching of TCR and the CD4/CD8 co-receptors separately alter the upper and lower 

affinity boundaries from which TCR-pMHC interactions positively select T cells. N-

glycan branching varies ~15 fold during thymocyte development, is required for positive 

selection and decouples CD4-Lck signaling from TCR driven Ca2+ flux to simultaneously 

promote low- and inhibit high-affinity pMHC responses. N-glycan branching imposes a 

sliding scale on TCR-pMHC interactions that expands the affinity range for positive 

selection bi-directionally.    
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INTRODUCTION 

The production of functional and self-tolerant T lymphocytes is vital for adaptive 

immunity and prevention of autoimmunity. Development of thymocytes progresses 

through four CD4- CD8- double negative  (DN1-4) stages, a CD4+ CD8+ double positive  

(DP) stage, and finally a CD4+ or CD8+ single positive  (SP) stage (1). Thymocytes must 

be surveyed for responsiveness and self-tolerance before exiting the thymus, where T 

cell receptor (TCR) interactions with self-peptide-major histocompatibility complexes 

(pMHC) play a critical role (1). Only intermediate TCR signals positively select self-

tolerant SP thymocytes (positive selection) (1). Thymocytes that do not receive 

sufficient basal TCR signaling die by neglect, whereas cells that encounter strong TCR 

signaling die by negative selection (1).  

Positive selection of conventional MHC-restricted thymocytes is initiated by the 

binding of newly rearranged TCRαβ to pMHC (1). The strength of this interaction is a 

primary control point for positive selection and is viewed as a static and linear function 

of differences in binding affinity between newly rearranged TCRαβ and pMHC (2). Thus, 

investigations seeking dynamic mechanisms controlling positive selection have primarily 

focused on downstream signaling pathways. Indeed, the upper and lower affinity 

boundaries for TCR-pMHC binding that encapsulate positively selecting TCRαβ signals 

are modulated by several downstream signaling mechanisms (3-9). For example, the 

lower affinity boundary is regulated by Ca2+ mediated calcineurin/NFAT activation(3, 4), 

while the upper boundary depends on the phosphorylation and sub-cellular localization 

of extracellular-signal-regulated kinase (Erk) (7, 10), Themis mediated suppression of 

low-affinity TCR-pMHC signals (11) and calcineurin independent Ca2+ flux (4). CD4/CD8 
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co-receptor mediated delivery of the pre-activated Src family protein tyrosine kinase Lck 

to TCRαβ (12-14) regulates both boundaries, and is required for both positive and 

negative selection.  

Post-translational modifications of the TCR complex provide an alternative 

mechanism to control positive selection by directly impacting TCRαβ - pMHC binding 

and/or interaction with co-receptor. The most common post-translational modification at 

the cell surface is glycosylation; yet surprisingly this has not been previously explored in 

thymocyte selection. In peripheral T cells, the interaction of galectins with N-glycans 

attached to TCR and CD4/CD8 forms a molecular lattice that negatively regulates 

agonist induced TCR clustering at the immune synapse, thereby inhibiting LckErk 

signaling, calcium flux and autoimmunity (15-19). More generally, the degree of N-

glycan branching  (0-4 branches) and the number of N-glycans per protein molecule 

cooperate to regulate binding to galectins, thereby differentially controlling the 

clustering, concentration and endocytosis of multiple surface glycoproteins 

simultaneously (20, 21). Deletion of the Golgi branching enzyme N-acetylglucosaminyl 

tranferase V  (Mgat5) weakens the galectin lattice and markedly increases TCR 

clustering and signaling at the immune synapse, yet surprisingly was not observed to 

alter thymocyte development (15). Here we investigate this apparent paradox and report 

that TCR and the CD4/CD8 co-receptors are differentially controlled by N-glycosylation, 

thereby decoupling LckErk signaling from Ca2+ flux to expand positive selection bi-

directionally by simultaneously decreasing the lower and increasing the upper affinity 

boundaries defining positive selection.  
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RESULTS 

N-glycan branching varies markedly during T cell development 

 To first examine the potential regulatory role for N-glycan branching during 

thymocyte selection, we stained thymocytes with L-PHA  (Phaseolus vulgaris, 

leukoagglutinin), a plant lectin that binds specifically to β1,6 GlcNAc-branched tri- and 

tetra-antennary N-glycans produced by Mgat5 and more generally, serves as a gauge 

of overall branching (15, 22)  (Fig. 1.1). Remarkable variation in L-PHA binding was 

present, oscillating by up to ~15 fold in DN1-4 cells, increasing by ~12 fold from DN4 to 

DP cells; then declining by ~3 fold and ~6 fold in SP thymocytes and peripheral T cells, 

respectively (Fig. 2.1). As only a ~15-20% change in L-PHA binding is sufficient to alter 

peripheral TCR clustering/signaling, T cell growth and autoimmune risk (17, 23), these 

changes are profound and suggest highly dynamic regulation of TCR clustering by 

branching throughout thymocyte development. 

 

Defective T cell development in Mgat1f/fLck-Cre mice 

 Although Mgat5 modified N-glycans have the highest affinity for galectins, 

GlcNAc branching by upstream Golgi enzymes also produce galectin ligands, albeit with 

lower avidity. Therefore, to completely eliminate galectin ligands in thymocyte N-

glycans, we generated mice that lack all N-glycan branching in T cells by deleting Golgi 

Mgat1 (Mgat1f/fLck-Cre+, Fig. 1.1). Morphology of the thymus was severely altered in 

Mgat1f/fLck-Cre+ mice (Fig. 2.2a), with striking reduction in the size of the medulla 

relative to the cortex. In contrast, the spleen appeared morphologically unchanged (Fig. 

2.2b). Total Cellularity was reduced ~35-40% in both the thymus and spleen of 
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Mgat1f/fLck-Cre+ mice compared to controls (Fig. 2.3a). We also observed considerably 

fewer DP, CD4+ and CD8+ SP cells in thymus from Mgat1f/fLck-Cre+ mice than the 

controls (Fig. 2.3b). However, no significant difference was seen in the DN thymocytes 

(Fig. 2.3b). In addition, numbers of splenic CD4+ and CD8+ T cells were also reduced 

(Fig. 2.3c). In the Mgat1f/fLck-Cre+ thymus, reduced L-PHA binding is first observed in 

DP cells, with the majority of SP cells being L-PHA- (Fig. 2.4, top panels). Although the 

Mgat1 gene is expected to be deleted at the DN3/4 stage in Mgat1f/fLck-Cre+ mice, loss 

of cell surface branching is delayed due to the additional time required for membrane 

turnover of cell surface glycoproteins. There was a ~10 fold reduction in splenic CD4+ 

and CD8+ T cell number (Fig. 2.3c); however, the few remaining cells were all L-PHA+ 

and therefore had not deleted Mgat1  (Fig. 2.4, bottom panels).  

 CD24 (heat stable antigen) is down-regulated in positively selected mature SP 

thymocytes and CD24lo SP thymocytes were reduced in Mgat1f/fLck-Cre+ mice (Fig. 

2.5a). TCRβhiCD69hi and TCRβhiCD69lo populations define post-positive selection and 

mature SP cells ready for export, respectively (9). Both populations were significantly 

reduced in Mgat1f/fLck-Cre+ mice (Fig. 2.5b). Annexin V, which binds on 

phosphatidylserine that is found on apoptotic cells, was used to measure apoptosis. 

Annexin V binding was increased in ex vivo DP Mgat1f/fLck-Cre+ cells (Fig. 2.6). 

 Whole animal deletion of Mgat1 is embryonic lethal (24, 25), and therefore to 

investigate for a generalized defect in cell survival, we generated tissue specific Mgat1 

deficiency in epithelia and mature peripheral T cells. Analysis of Mgat1f/fK14-Cre+ mice 

revealed normal skin development despite Mgat1 loss (Fig. 2.7a). Further examining 

skin epithelial cells confirmed Mgat1 deletion (Fig. 2.7b). Mgat1 deletion in mature 
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peripheral T cells, induced via a ‘tet-on’ system in Mgat1f/f/tetO-cre/ROSA-rtTA mice, 

does not induce cell death (Fig. 2.8a-b). The lack of cell death in epithelia and mature T 

cells is consistent with the long-standing observation that Mgat1 mutation in CHO cells 

does not impact cell survival (26). This indicates that loss of branching alters cell death 

pathways specific to thymocytes.  

 In contrast to Mgat1 deficiency, thymocyte development appears normal in 

Mgat5 knockout mice (15). N-glycans harbor a maximum of four GlcNAc branches, with 

Mgat5 deficiency limiting branching to three branches (Fig. 1.1). This proportionally 

reduces but does not eliminate galectin binding like Mgat1 deficiency. Therefore to 

examine whether an intermediate reduction in branching alters T cell development, we 

deleted Mgat2 in thymocytes by generating Mgat2f/fLck-Cre+ mice. Mgat2 is the second 

branching enzyme whose deficiency results in N-glycans with a single branch. 

Mgat2f/fLck-Cre+ mice displayed an intermediate phenotype with milder reductions in 

thymocyte and peripheral T cell numbers relative to Mgat1f/fLck-Cre+ (Fig. 2.9a-b). 

Thus, GlcNAc branching is a specific and potent negative regulator of thymocyte death 

and is absolutely required for production of peripheral T cells.  

 

N-glycan branching inhibits death by neglect 

 TCRβ selection occurs in late DN cells, followed by TCRα recombination in DP 

and SP cells. L-PHA binding is not altered in DN Mgat1f/fLck-Cre+ cells, suggesting that 

variations in TCRβ selection are not responsible for the thymocyte death observed in 

Mgat1f/fLck-Cre+ mice. Indeed, delaying loss of branching to the SP stage by utilizing 

Cd4-promoter driven Cre also resulted in reduced SP thymocytes and absence of 
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peripheral L-PHA- T cells (Fig. 2.10). Interleukin-7 receptor (IL7R) signaling regulates 

thymocyte survival, but IL7R surface expression was unchanged by Mgat1 deficiency 

(Fig. 2.11a). Mgat1 deficiency in DP thymocytes also did not increase sensitivity to non-

TCR dependent death pathways as assessed by stimulation with dexamethasone, 

TNFα, or FasL (Fig. 2.11b-d).   

 To mimic death by neglect in vitro, we assessed spontaneous apoptosis of DP 

thymocytes in liquid culture (27, 28). We observed a marked increase in Annexin V+ DP 

thymocytes with Mgat1 deficiency (Fig. 2.12a). This was inhibited by the pan-caspase 

inhibitor Z-VAD (Fig. 2.12b), consistent with apoptotic cell death. The relative activities 

of anti-apoptotic Bcl-xL and pro-apoptotic proteins Bim, Bax and Bak control death by 

neglect (29). Protein levels of Bcl-xL, Bim and Bax were unchanged in ex vivo 

Mgat1f/fLck-Cre+ DP thymocytes, as was anti-apoptotic Mcl-1 (Fig. 2.13). Bcl-xL over-

expression inhibits death by neglect (29), therefore we generated triple transgenic mice 

over-expressing Bcl-xL in Mgat1f/fLck-Cre+ mice. Transgenic over-expression of Bcl-xL 

rescued spontaneous death of Mgat1f/fLck-Cre+Bcl-xLTg DP thymocytes in vitro and 

restored the TCRβhiCD69hi (post-positive selection) and the TCRβhiCD69lo (SP cells 

ready for export) populations reduced by Mgat1 deficiency (Fig. 2.14a-b). However, Bcl-

xL over-expression only partially rescued thymocyte cellularity in vivo (Fig. 2.14c), 

suggesting branching deficiency may also promote death via negative selection. To 

isolate the effects of branching on death by neglect in vivo, we eliminated negative 

selection by transferring bone marrow into irradiated MHC class I and II double 

knockout mice  (MHC I/II-/-). The absence of MHC did not rescue death of Mgat1 

deficient thymocytes in vivo, with thymic cellularity equally reduced in the presence or 
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absence of MHC (Fig. 2.15a). This confirms that loss of branching induces death by 

neglect. Indeed, Bcl-xL over-expression in the transplanted cells normalized thymocyte 

cellularity between Mgat1f/fBcl-xLTg→MHC I/II-/- and Mgat1f/fLck-Cre+Bcl-xLTg →MHC I/II-

/- chimeric mice (Fig. 2.15b), indicating that in the absence of negative selection, Bcl-xL 

is sufficient to rescue death induced by Mgat1 deficiency in vivo. Together these data 

indicate branching controls the lower affinity boundary that distinguishes death by 

neglect from positive selection.  

 

N-glycan branching prevents death by neglect by promoting Lck activation and 

co-receptor surface retention  

In thymocytes, a significant proportion of the Src tyrosine kinase Lck is pre-

activated (i.e. pLck394) (30). In peripheral T cells, N-glycan branching deficiency 

increases resting levels of pLck394 (15, 16). Strikingly, the opposite phenotype is 

observed in resting Mgat1 deficient thymocytes, where levels of pLck394 and 

downstream pErk1/2 were reduced relative to controls (Fig. 2.16a). This suggests that 

reduced basal Lck→Erk signaling may be responsible for increased death by neglect in 

Mgat1 deficient thymocytes. If true, then low-level TCR engagement should rescue 

death to induce positive selection. Indeed, ultra low-level TCR stimulation with anti-

CD3ε+anti-CD28 or PMA+ionomycin both rescued the enhanced death of Mgat1f/fLck-

Cre+ DP thymocytes in vitro, despite having little impact on wildtype thymocyte death 

(Fig. 2.16b-c). To confirm this result in vivo, we generated OT-II+Mgat1f/fLck-Cre+ mice. 

Positive selection of transgenic TCR OT-II  (Vβ5+) thymocytes by endogenous self-

peptides was reduced by Mgat1 deficiency  (Fig. 2.17a); however, this phenotype was 
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rescued by injection of the partial agonist OVA323-337 peptide  (Fig. 2.17b) (31). The 

CD4/CD8 co-receptors bind Lck and enhance TCR responses to low affinity pMHC, 

promoting positive selection by augmenting recruitment of Lck to TCR (12, 13, 32, 33). 

As CD4, CD8α and CD8β have few attached N-glycans  (4, 3 and 1 respectively) that 

interact with galectins (34, 35), Mgat1 deficiency may enhance surface loss due to 

endocytosis (20, 21, 36). Indeed, surface expression of CD4 and CD8α in DP and SP 

Mgat1f/fLck-Cre+ thymocytes is reduced ~25-50% (Fig. 2.18a). Because L-PHAlo 

peripheral T cells were observed in Mgat2f/fLck-Cre+ mice (Fig. 2.9b), we suspected 

changes on surface CD4 and CD8α were small. In fact, while reduction of surface CD4 

Mgat2f/fLck-Cre+ DP thymocytes is reduced ~50%, change in CD8α on DP thymocytes 

and CD4 or CD8α on SP thymocytes was minimal or unchanged (Fig. 2.18b). We 

conclude that branching promotes positive selection over death by neglect by 

enhancing CD4/CD8 surface expression and associated delivery of Lck to TCR, thereby 

increasing sensitivity of TCR to low-affinity pMHC. 

 

N-glycan branching deficiency promotes death by negative selection  

 Next we examined whether branching regulates negative selection by high 

affinity pMHC. Simulating negative selection in vitro using high concentrations of anti-

CD3ε+anti-CD28 revealed enhanced induction of the activation marker CD69, increased 

Annexin V+ cells, and up-regulation of pro-apoptotic Bim in Mgat1f/fLck-Cre+ thymocytes  

(Fig. 2.19a-c). In contrast, no difference in Annexin V binding was observed with 

PMA+ionomycin (Fig. 2.19d), consistent with a defect localized to cell surface N-

glycosylation. The orphan steroid receptor Nur77 is up-regulated in negatively selected 
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thymocytes (37) and Mgat1 deficiency enhances the number of Nur77+ DP and SP 

thymocytes (Fig. 2.19e). OT-II+Mgat1f/fLck-Cre+  (Vβ5+) thymocytes were significantly 

more sensitive to death in vivo following injection of negatively selecting high-affinity 

OVA323-339 peptide relative to control mice  (Fig. 2.17b). This is the opposite effect 

observed with low-affinity OVA323-337 peptide injection, which rescued death of OT-

II+Mgat1f/fLck-Cre+  (Vβ5+) thymocytes  (Fig. 2.17b).  

 To examine a second TCR transgenic model of positive versus negative 

selection, we crossed Mgat1f/fLck-Cre+ mice with the MHC class I-restricted H-Y TCR 

mice. Analysis of the H-Y TCR  (T3.70+) transgenic model revealed that in female mice, 

which do not express the high affinity negatively selecting H-Y antigen, Mgat1 

deficiency reduced positive selection of transgenic T3.70+ CD8+ T cells  (Fig. 2.20a). 

This was associated with increased binding of Annexin V (Fig. 2.20b) and expression of 

the negative selection marker Nur77 (Fig. 2.20c). In H-Y males, Mgat1 deficiency 

further increased negative selection of DP thymocytes induced by endogenous high-

affinity H-Y antigen (Fig. 2.20d).  

 Deficiency of pro-apoptotic Bim inhibits negative selection(38, 39) and 

suppresses death by neglect in vitro (28), therefore we generated triple transgenic 

Mgat1f/fLck-Cre+Bim-/- mice to examine whether Bim deficiency would rescue the death 

of Mgat1 deficient thymocytes.   Comparing Mgat1f/fLck-Cre+ with Mgat1f/fLck-Cre+Bim-/- 

mice revealed that Bim deficiency normalized the morphology of the thymus  (Fig. 

2.21a), fully rescued the reduction in thymocyte cellularity  (Fig. 2.21b) and restored the 

TCRβhiCD69hi and TCRβhiCD69lo populations reduced by Mgat1 deficiency  (Fig. 

2.21c). Loss of a single copy of Bim partially rescued thymocyte number in Mgat1f/fLck-
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Cre+Bim+/- mice (Fig. 2.21b). Together these data indicate that branching promotes 

positive selection not only by increasing sensitivity to low affinity pMHC to prevent death 

by neglect, but also by limiting negative selection in response to high affinity pMHC. 

 

N-glycan branching inhibits TCR-induced Ca2+ flux to limit negative selection 

 Branching reduces TCR clustering and LckErk signaling in peripheral T cells 

(15, 34). In contrast, activating Mgat1f/fLck-Cre+ thymocytes with high levels of anti-

CD3ε+anti-CD28 and/or anti-CD3ε+anti-CD4 revealed decreased induction of pLck394, 

pZap70 and pErk1/2 relative to control thymocytes; a result consistent with reduced 

CD4/CD8 surface expression and reduced delivery of Lck to TCR (Fig. 2.22). Despite 

reduced LckErk signaling, anti-CD3ε+anti-CD28 induction of CD69 was significantly 

greater in Mgat1 deficient thymocytes (Fig. 2.19a), suggesting enhanced TCR signaling 

distinct from LckErk. In peripheral T cells, CD69 is independently induced by both 

LckErk signaling and calcium flux (40). Calcium signaling promotes negative selection 

(3, 4) and solely triggering calcium flux with ionomycin is sufficient to induce death of 

wildtype thymocytes (28)  (Fig. 2.23a). TCR signaling mediated activation of 

phospholipase Cγ1  (PLCγ1) triggers intracellular Ca2+ release and subsequent 

extracellular Ca2+ influx through calcium release activated Ca2+  (CRAC) channels via 

generation of inositol-1,4,5-trisphosphate and diacylglycerol. Mgat1f/fLck-Cre+ 

thymocytes displayed increased or no difference in activation of PLCγ1 in response to 

high dose anti-CD3ε+anti-CD28 or anti-CD3ε+anti-CD4 stimulated Mgat1f/fLck-Cre+ 

thymocytes, respectively; the latter consistent with reduced CD4 co-receptor (Fig. 

2.23b). Moreover, calcium flux in response to high dose anti-CD3ε+anti-CD28 was 
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higher in Mgat1f/fLck-Cre+ thymocytes (Fig. 2.24a). The Ca2+ channel inhibitor 

lanthanum chloride  (LaCl3) as well as the extracellular Ca2+ chelator EGTA both 

rescued the increased death of Mgat1f/fLck-Cre+ DP thymocytes induced by high dose 

anti-CD3ε+anti-CD28  (Fig. 2.24b-c). In contrast, blocking calcineurin signaling with 

cyclosporine A  (CsA) did not rescue enhanced death of Mgat1f/fLck-Cre+ DP 

thymocytes from high dose anti-CD3ε+anti-CD28  (Fig. 2.24d), consistent with previous 

work demonstrating that Ca2+ signaling promotes negative selection independent of the 

calcineurin/NFAT pathway(3, 4). Thus, branching inhibits negative selection by limiting 

TCR triggered calcium signaling in a manner independent of calcineurin/NFAT. 
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DISCUSSION 

 Our data reveal a model of positive selection that is highly elastic, where N-

glycosylation dynamically expands the range for positive selection in two directions by 

differentially controlling both the lower and upper limits of affinity from which TCR–

pMHC interactions positively select T cells (Fig. 2.25). Branching simultaneously 

enhances and inhibits TCR signaling in response to low- and high-affinity pMHC by 

promoting CD4/CD8 surface expression and impeding TCR clustering, respectively  

(Fig. 2.26). This enhances Lck→Erk signaling to low affinity pMHC while inhibiting Ca2+ 

flux to high affinity pMHC, both expanding the range for positive selection. Other 

regulatory mechanisms influencing positive selection appear to control the upper or 

lower affinity boundary and/or act on both boundaries in the same direction. For 

example, Lck delivery to TCR by co-receptor reduces both the lower and upper 

boundary (14), thereby simply shifting the affinity range encapsulating positive selection 

in a single direction. In contrast, branching reduces the lower affinity boundary while 

simultaneously increasing the upper affinity boundary, thereby acting bi-directionally to 

expand the range of pMHC affinities resulting in positive selection. In this manner, small 

changes in branching can lead to large changes in the proportion of thymocytes 

susceptible to positive selection. Disturbances in branching are expected to alter central 

tolerance and indeed, Mgat1 and Mgat5 have been implicated in autoimmunity in both 

mice and humans (15, 41-44).  

 The recruitment of Lck to TCR by co-receptors is critical to positive selection; 

however how this is regulated was poorly understood. Our data identify branching as a 

critical regulator of Lck delivery to TCR by controlling CD4/CD8 co-receptor surface 
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expression. The ~12 fold physiological increase in branching going from DN4 to DP, 

followed by ~3 fold reduction in SP thymocytes suggests that branching allows for more 

promiscuous positive selection in DP cells while rendering SP cells more susceptible to 

negative selection and death by neglect. Branching in peripheral T cells is another ~3 

fold lower than SP thymocytes. These differences likely explain why Mgat5 deficiency 

does not appear to alter thymocyte development. Mgat5 deficiency only removes one of 

four potential GlcNAc branch’s, and in peripheral T cells with physiologically marginal 

branching, this change is sufficient to alter TCR signaling. In contrast, the much higher 

intrinsic branching in DP and SP thymocytes results in little impact from loss of a single 

branch. More profound changes are required, as induced by Mgat1 and/or Mgat2 

deficiency.  

 Marked physiological changes in branching were also observed between the 

DN1-4 stages of thymocyte development. TCRβ selection occurs during this stage, with 

newly re-arranged TCRβ associating with pre-TCRα to form the pre-TCR. Given the up 

to ~15 fold changes in branching in DN1-4 cells, branching likely impacts early 

thymocyte development and/or TCRβ selection. Of particular note is the observation 

that wild type DN4 cells are either L-PHA positive or negative, suggesting that 

physiological down-regulation of branching in DN4 cells may target this population for 

death.  

 Branching decouples LckErk signaling from Ca2+ flux by differentially 

controlling CD4/CD8 surface retention and TCR clustering, respectively. Ca2+ influx 

begins within seconds of TCR engagement (45) and serves to dislodge the cytoplasmic 

domain of CD3ζ from anionic phosphoplipids (46). This suggests that Ca2+ flux is not 
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only downstream to the LAT signalosome and PLCγ1, but may act very early by 

allowing CD3ζ phosphorylation by pLck394 and subsequent recruitment/activation of 

Zap70/LAT/PLCγ1. However, deficiency of Orai1, the pore-forming subunit of the CRAC 

channel, does not affect T cell development (47, 48). Ca2+ triggered negative selection 

is independent of the calcineurin/NFAT pathway (3, 4) and ionomycin triggered Ca2+ flux 

is sufficient to induce thymocyte death. This suggests that an Orai1/calcineurin/NFAT 

independent Ca2+ channel functions in thymocytes to drive extra-cellular Ca2+ entry and 

negative selection. Consistent with this, Ca2+ channel inhibition or extra-cellular Ca2+ 

chelation both blocked the enhanced TCR induced death in Mgat1 deficient thymocytes. 

Together, this suggests that branching acts on an unknown Ca2+ channel to directly 

restrict Ca2+ flux in thymocytes in a manner proximal and distinct from LckErk and 

Orai1/calcineurin/NFAT signaling.  

 Gascoigne and colleagues have argued that crosslinking of TCR using 

antibodies provides a non-physiological signal that is too strong to properly mimic 

positively selecting pMHC and associated signaling, regardless of dose(11). Our data 

counters this argument, as very low-level anti-CD3ε+anti-CD28 or PMA+ionomycin 

were both able to rescue death by neglect in Mgat1 deficient thymocytes in vitro, 

mimicking the rescue of death by neglect observed with low affinity peptide in vivo. 

Additional analysis using pMHC tetramers and TCR transgenic’s to evaluate signaling in 

branching-deficient thymocytes are required to further evaluate this question. 
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MATERIALS and METHODS 

Mice.  

Mgat1f/f (# 006891), Mgat2f/f (#006892), Lck-Cre (#003802), Bcl-xLTg (#013738), Bim-/- 

(#004525), OT-II (#004194), tetO-cre (#006234) and ROSA26-rtTA (#006965) mice 

were obtained from Jackson Laboratory. MHC I-/-/II-/- (#4080) and Cd4-Cre (#4196) (49) 

mice were purchased from Taconic. H-Y (#00113) was from The European Mouse 

Mutant Archive (EMMA). All other mice were generated by breeding in our mouse 

colony. For bone marrow transplantation, lethally irradiated  (two doses of 550 rad/5.5 

gray 3 hours apart) C57BL/6 or MHC I-/-/II-/- mice were injected intravenously via the tail 

vein with 5 million bone marrow cells isolated from femurs and tibias of donor mice. 

Transplanted mice were euthanized 5-6 weeks later for analysis. Flow cytometry for Bcl-

xL were performed that >95% of thymocytes were donor derived cells. To delete Mgat1 

in peripheral T cells, doxycycline was provided in 1% sucrose drinking water at 2 mg/ml 

to Mgat1f/f/tetO-cre/ROSA26-rtTA mice. 

 

Flow cytometry.  

Flow cytometric analysis was performed as previously described (15, 23, 41). Annexin V  

(BD Pharmingen) and antibodies to CD4  (RM4-5), CD8α  (53-6.7), CD69  (H1.2F3), 

TCRβ  (H57-597), Nur77  (12.14), TCR Vβ5.1/5.2  (MR9-4), anti-TCR H-Y  (T3.70), 

CD24  (30-F1), and IL-7R  (SB/199)  (eBioscience) and Bcl-xL  (#2764), rabbit IgG  

(#4414)  (Cell Signaling Technology) and FITC L-PHA  (Vector labs)  were used to stain 

cells.  
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Cell culture and stimulation.  

Culturing conditions and anti-CD3ε+anti-CD28 stimulation were performed as previously 

described (15, 23, 41). 3 x 105 cells were stimulated with antibody to CD3ε (145-2C11) 

and CD28 (37.51) coated on 96-well flat-bottom plates or PMA/ionomycin for 1 day in 

the presence or absence of LaCl3, EGTA, dexamethasone, TNFα, and αFas . Cell were 

then harvested and stained for flow cytometry.  

 

OVA peptide treatment.  

OVA323-339 was purchased from AnsSpec, and OVA323-337 peptides were synthesized by 

Biopharm. OT-II transgenic Mgat1f/f and Mgat1f/fLck-Cre+ mice were injected with 1 mg 

of OVA323-339 or OVA323-337 peptide intraperitoneally. Mice were euthanized after 72 

hours for analysis. Percentage survival of DP thymocytes was normalized to cellularity 

of water injected OT-II transgenic Mgat1f/f or Mgat1f/f-Lck-Cre mice. L-PHAlo population 

was gated for analysis in the OT-II+Mgat1f/fLck-Cre+ mice. 

(# of DPOVA  /
 # of DPH2O) x 100% =% survival. 

 

Calcium flux.  

To perform FACS analysis of [Ca2+]cytosol mobilization, thymocytes were loaded with 9.2 

μM Fura-Red, AM and 4.4 μM Fluo-3, AM  (Life Technologies). After establishing base 

line Ca2+ level, soluble anti-CD3ε (10 μg/ml) and anti-CD28 (50 μg/ml) antibodies were 

added to induce Ca2+ flux. Ca2+ mobilization was determined by the ratio of Fluo-3 to 

Fura-Red fluorescence intensity using the kinetics tool of FlowJo software. 
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Histology.  

Thymi and spleens were fixed in 10% formalin for one day. At day two, tissues were 

treated in 30% and 50% ethanol in 1x PBS for one hour at room temperature (RT) 

before incubating in 70% ethanol for four to five hours at RT. Tissues were transferred 

to 80% ethanol and were put on rotation machine overnight at RT. They were paraffin-

embedded and cut into sections for staining with Hematoxylin and Eosin by the UC 

Irvine pathology lab. 

 

Immunoblot.   

Western blotting was performed as previously described (15, 23, 41). For Bim 

expression, cells were stimulated by plate-bound α-CD3ε+α-CD28 for 6 hours before 

lysis. TCR crosslinking was done by staining thymocytes with either 10 μg/ml of α-

CD3ε+50 μg/ml α-CD28 antibody or 10 μg/ml α-CD3ε+10 μg/ml α-CD4 antibody for 10 

minutes on ice followed by 20 μg/ml of α-IgG at 37°C for the indicated time.  Antibodies 

to pLck394  (#2101), pErk ½  (#4377), pZap70  (#2704), pPLCγ1  (#2821), Bim  (#2819), 

Bcl-xL  (#2764), Bax  (#2772), Mcl-1  (#5453), Actin  (#4970), Hsp90  (#4877) and HRP-

conjugated rabbit IgG  (#7074) were from Cell Signaling Technology. pLck, pErk, 

pZap70, and pPLCγ1 levels were calculated by normalization to Actin or Hsp90 and 

relative to Mgat1f/f.  
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Figure 2.1 Changes of N-glycosylation branching during T cell development. 
Flow cytometric analysis of cell surface L-PHA binding on thymic subpopulations 
and splenic CD4 and CD8 T cells, normalized to SP CD4 thymocytes. DN 
thymocytes were gated as CD4-CD8- and DN1=CD25loCD44hi, DN2=CD25hiCD44hi, 
DN3=CD25hiCD44low, DN4=CD25loCD44lo; n=10. P-values by unpaired t-test (2-
tailed) with Welch’s +/- Bonferroni corrections. **P<0.01, ***P<0.001. 
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Figure 2.2 Histology of the thymus and spleen. Hematoxylin and eosin stain of 
(a) the thymus (cortex (c) and medulla (m)), and (b) the spleen from Mgat1f/f (left) 
or Mgat1f/fLck-Cre+ mice (right).  



74 
 
	

   
 
 
 
 
 
 

Figure 2.3 Cellularity of subpopulations of thymocytes and peripheral T 
cells. Total number of (a) thymocytes (n=35) and splenocytes (n=23) from 4-8 
week old mice, each dot represents one mouse, bar represents the mean. (b) 
Cell numbers of DN, DP, SP CD4+, and SP CD8+ thymocytes and (c) peripheral 
splenic CD4+ and CD8+ T cells.  
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Figure 2.4 Flow cytometric analyses of thymocytes and splenocytes. CD4 
and CD8 expression and L-PHA binding was examined by flow cytometry. 
Thymic (Top panels) reduction of L-PHA binding was first observed in DP cells, 
with the majority of SP cells being L-PHA- . No difference of L-PHA binding was 
seen in DN thymocytes. Few remaining splenic T cells (Bottom panels) were all 
L-PHA+ and therefore had not deleted Mgat1. 
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Figure 2.5 Flow cytometric analyses of thymocyte. Flow cytometric analysis 
for (a) CD24 and (b) TCRβ and CD69 surface expression on ex vivo thymocytes.  
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Figure 2.6 Flow cytometric analyses of Annexin V binding. Ex vivo 
thymocytes was stained with Annexin V and analyzed by flow cytometry. P-
values by unpaired t-test (1-tailed). ***P<0.001. 
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Figure 2.7 Characterization of Mgat1f/fK14-Cre+ mice. (a) Pictures of mice 
revealing lack of gross skin defects and (b) flow cytometric analysis of skin 
epithelial cells from Mgat1f/f and Mgat1f/fK14-Cre+ mouse confirming deletion of 
Mgat1 in Mgat1f/fK14-Cre+ mice. 
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. Figure 2.8 Characterization of Mgat1f/f/tetO-Cre/ROSA-rtTA mice. (a) 
Percentage of L-PHA- and (b) Annexin V+ ex vivo splenic T cells after doxycycline 
treatment provided in the drinking water.  
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. Figure 2.9 Characterization of Mgat2 deficient mice. (a) Total number of 
thymocytes and splenocytes from 7-8 week old mice, each dot represents one 
mouse, bar represents the mean. (b) Flow cytometric analysis of CD4 and CD8 
expression (left) and L-PHA binding (right) of thymocytes and splenocytes. 

.  
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. Figure 2.10 Characterization of Mgat1f/fCd4-Cre+ deficient mice (a) Flow 
cytometric analysis of CD4 and CD8 expression (left) and L-PHA binding of 
thymocytes and splenocytes (right). Note that although Mgat1 is expected to be 
deleted at the DP stage in Mgat1f/fCD4-Cre+ mice, loss of cell surface branching 
is delayed until the SP stage due to the time required for membrane turnover of 
cell surface glycoproteins 
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Figure 2.11 Characterization of Mgat1 deficient mice and non-TCR induced 
death. Flow cytometric analysis of cell surface expression of (a) IL-7R on thymic 
subpopulations and (b-d) Annexin V binding on DP thymocytes following one 
day of culture at rest in the presence of dexamethasone (b), TNFα (c), and αFas 
(d); gated on DP thymocytes for analysis. Data for each genotype are 
normalized to no treatment. (b-d) = (Annexin Vtreated

  - Annexin Vuntreated).  
.  
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Figure 2.12 Flow cytometric analysis of Annexin V binding. (a) Annexin V 
binding on thymocytes cultured for 1 day without treatment and (b) in the 
presence or absence of pan-caspase inhibitor, z-VAD-FMK.  

.  
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Figure 2.13 Immunoblots of apoptotic molecules. Ex vivo total thymocytes 
were harvested and lysed using RIPA buffer. Immunoblot of total Bcl-xL, Bax, 
BimEL, and Mcl-1 were performed.  

.  
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Figure 2.14 Characterization of Mgat1f/fLck-Cre+Bcl-xLTg mice. Flow 
cytometric analysis of (a) Annexin V binding on DP thymocytes after one day 
culture without treatment and (b) cell surface expression of CD69 and TCRβ 
on total thymocytes. 

.  
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Figure 2.15 Branching deficiency enhances death by neglect. (a-b) Total 
thymocyte number from bone marrow chimaeras. Each dot represents one 
mouse; bar represents the mean. P-values by unpaired t-test  (1-tailed) with 
Welch’s +/- Bonferroni corrections.   *P<0.05, **P<0.01. 
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Figure 2.16 N-glycan branching prevents death by neglect. (a) Ex vivo total 
thymocytes were harvested and lysed using RIPA buffer. Immunoblot of 
pLck394 and pErk1/2 were performed. Flow cytometric analysis of Annexin V 
binding on (b) DP thymocytes that were stimulated with titrating concentration 
of α-CD3ε+5x α-CD28 for one day or (c) PMA and ionomycin. DP thymocytes 
were gated for analysis. Representative of 3 experiments. 
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Figure 2.17 Branching deficiency enhances death by neglect and 
promotes negative selection at the same time. (a) Total thymocyte number 
from 4-8 weeks old mice. Each dot represents one mouse; bar represents the 
mean. (b) Survival of Vβ5+ DP thymocytes following injection of OVA peptides 
3 days earlier, normalized to control, with OT-II+Mgat1f/fLck-Cre+ gated on L-
PHAlo DP thymocytes. n≥3. P-values by unpaired t-test  (1-tailed) with Welch’s 
+/- Bonferroni corrections. *P<0.05,  **P<0.01.  



89 
 
	

   
 
 
 
 
 
 
 
 
   
 
 

Figure 2.18 N-glycan branching prevents death by enhancing co-receptor 
surface retention. Flow cytometric analysis of surface CD4 and CD8α 
expression on ex vivo DP and SP thymocytes from (a) Mgat1 and (b) Mgat2 
mice; gated on L-PHAlo cells for Mgat1f/fLck-Cre+ or Mgat2f/fLck-Cre+ mice for 
analysis. Data were normalized to control. Each dot represents one mouse. P-
values by unpaired t-test (1-tailed) with Welch’s +/- Bonferroni corrections. 
*P<0.05, **P<0.01, ***P<0.001. 



90 
 
	

                   
 
 
   
 
 
 
 
 

Figure 2.19 N-glycan deficiency enhances signaling and apoptosis. (a, b, 
d and e) Flow cytometric analysis of (a) CD69 and (b) Annexin V on DP 
thymocytes after one day of α-CD3ε+α-CD28 stimulation and (d) Annexin V 
binding on DP thymocytes after one day stimulation with PMA and ionomycin, 
and (e) Nur77 on ex vivo thymocytes. (c) Immunoblots of thymocytes 
stimulated by plate-bound α-CD3ε (10 μg/ml) and α-CD28 (50 μg/ml) for 6 
hours. P-values by unpaired t-test  (1-tailed) with Welch’s +/- Bonferroni 
corrections. *P<0.05, ***P<0.001.
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Figure 2.20 N-glycan deficiency enhances negative selection. Flow 
cytometry of ex vivo thymocytes from Mgat1f/fLck-Cre+HY+ (a) female and (d) 
male mice; gated on T3.70+ cells for analysis. (b) Annexin V binding and (c) 
Nur77 expression on female T3.70+ CD8+ cells were also analyzed by flow 
cytometry. Data are representative of at least 3 mice. *P<0.05, ***P<0.001. 
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Figure 2.21 N-glycan branching deficiency inhibits death by negative 
selection. (a) Histology of the thymus (cortex  (c) and medulla  (m)). (b) Total 
thymocytes from 4-8 week old mice. Each dot represents one mouse; bar 
represents the mean. (c) Flow cytometric analysis of TCRβ and CD69 
expression on thymocytes, representative of 4 experiments. *P<0.05, 
**P<0.01. 
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Figure 2.22 Reduced TCR signaling due to loss of N-glycan. Immunoblots 
of pLck394, pZap70 and pErk from thymocytes stimulated either by α-CD3ε  (10 
μg/ml) + α-CD28  (50 μg/ml) or by α-CD3ε  (10 μg/ml) + α-CD4  (10 μg/ml) 
followed by α-IgG  (20 μg/ml) crosslinking. Representative of 3 experiments.    
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Figure 2.23 Branching deficiency enhances pPLCγ1 activation. (a) Flow 
cytometric analysis of Annexin V binding on DP thymocytes after 1 day  of 
culture with ionomycin. (b) Immunoblots of pPLCγ1 from thymocytes 
stimulated either by α-CD3ε  (10 μg/ml) + α-CD28  (50 μg/ml) or by α-CD3ε  
(10 μg/ml) + α-CD4  (10 μg/ml) followed by α-IgG  (20 μg/ml) crosslinking. 
Representative of 3 experiments.    
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Figure 2.24 Branching deficiency enhances TCR triggered Ca2+ flux. (a) 
Flow cytometric analysis of Ca2+ mobilization in Fluo-3 and Fura Red-loaded 
thymocytes, arrow indicates addition of α-CD3ε  (10 μg/ml) and α-CD28  (50 
μg/ml) antibody; representative of 3 experiments.  (b-d) Flow cytometry for 
Annexin V binding on thymocytes following 1 day of stimulation with α-CD3ε  
(10 μg/ml) and α-CD28  (50 μg/ml) in the presence or absence of (b) 100 μM 
LaCl3, (c) 100 μM EGTA, and (d) various doses of CsA; P-values by unpaired 
t-test  (1-tailed) with Welch’s +/- Bonferroni corrections. **P<0.01. 
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Figure 2.25. A model for the interaction of branching with TCR-pMHC 
affinity in controlling positive selection. N-glycosylation provides a novel 
sliding scale that dynamically expands the range for positive selection in two 
directions by differentially controlling both the lower and upper limits of affinity 
from which TCR–pMHC interactions positively select T cells.   
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Figure 2.26. A model for N-glycan branching control of positive selection.  
In response to low affinity pMHC, branching promotes positive selection by 
enhancing cell surface retention of the CD4 and CD8 co-receptors, which 
stabilize binding of low-affinity pMHC to TCR and enhance recruitment of Lck to 
TCR for low level signaling. Reduced branching disrupts binding of glycoproteins 
to galectins, leading to CD4/CD8 endocytosis, non-responsiveness to low affinity 
pMHC and death by neglect. In response to high affinity pMHC, high branching 
limits TCR clustering and downstream signaling to promote positive selection. 
Reduced branching disrupts galectin-TCR interactions, thereby promoting TCR 
clustering/signaling, and Ca2+ flux in response to high affinity pMHC, therefore 
enhancing negative selection.   
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Chapter 3 
 

Conclusions and Discussions 
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 The inherent number of N-glycan side chains and the diversity of N-glycan 

structures mediated by a series of N-glycosylation enzymes provide a wide range of 

avidities for galectins on the cell surface. Soluble galectins bind to glycoproteins forming 

a molecular lattice that regulates various cellular functions. In naïve T cells, the galectin-

glycoprotein lattice controls basal, activation and growth arrest signaling. Altering N-

glycosylation significantly affects the strength of the lattice and the biology of T cells. 

Surface molecules such as TCR, CD45 and CTLA-4, which are critical for proper T cell 

functions, are regulated by the galectin-glycoprotein lattice.  

 In this study, I showed a novel mechanism that T cell development in the thymus 

is controlled by N-glycosylation. By deleting the upstream Golgi branching enzymes 

Mgat1 and Mgat2 in thymocytes, I found that N-glycan branching of TCR and the 

CD4/CD8 co-receptors act upstream of signaling to separately control the upper and 

lower affinity boundaries from which TCR-pMHC interactions positively select T cells.  

 These conclusions were based on the generation and analysis of tissue specific 

and doxycycline inducible deficiency of the Golgi genes Mgat1 and Mgat2 (Mgat1f/fLck-

Cre, Mgat2f/fLck-Cre, Mgat1f/fCD4-Cre, Mgat1f/fK14-Cre, Mgat1f/f/tetO-cre/ROSA-rtTA) 

alone and/or by crosses with two TCR transgenic lines (OT-II, H-Y) and two mouse lines 

with altered thymocyte apoptosis (i.e. Bim-/-, Bcl-xL
Tg), as well as bone marrow 

transplantation into MHC I-/-/II-/- mice. Eleven novel and previously uncharacterized 

genetic mouse models were generated and analyzed for this study.  
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Autoimmunity 

The finding that N-glycosylation controls positive selection of T cells might shed 

more light to the understanding of autoimmunity. Autoreactive T cells that escaped the 

thymus during T cell development cause autoimmunity. Here I attempt to postulate one 

possible explanation for the presence of autoreactive T cells in the periphery. 

Autoimmunity is a byproduct of evolutionary selection. Differential expressions of 

N-glycan branching between thymocytes and peripheral T cells are due to intrinsic and 

extrinsic evolutionary pressures (Fig. 2.1). Intrinsically, N-glycan branching bi-

directionally expands positive selection of thymocytes. High N-glycan branching 

promotes positive selection which allows more production of naïve T cells. However, 

when mature T cells leave the thymus, branching is downregulated, and the 

downregulation of branching on peripheral T cells has been selected due to extrinsic 

pressure—foreign pathogens. One needs to have a robust immune system to fight off 

invading pathogens in order to survive. Peripheral T cells with lower N-glycosylation can 

easily be activated by pathogens and are more responsive. As a result, having low N-

glycosylation on peripheral T cells allows one to fight off pathogens faster and more 

rapid and survive better than if branching was high like thymocytes. In the meantime, 

because of these differential evolutionary pressures between thymocytes and mature T 

cells, autoimmunity ends up as a byproduct. 

Due to intrinsic pressure of being positively selected, autoreactive T cells could 

be masked involuntarily from negative selection due to aberrant high N-glycan 

branching on the cell surface. At any given time, developing thymocytes with the 

potential of receiving negative selection signals might have N-glycan branching level 
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that is higher than it should be. N-glycan branching inhibits TCR signaling in response 

to high affinity pMHC by limiting TCR clustering and downstream calcium flux. Thus, 

high branching may allow positive selection of TCR with high reactivity to self-antigen. 

However, lower N-glycosylation on mature T cells unmasks this potential and thereby 

leads to spontaneous activation and autoimmunity.  

In fact, PL/J, which have lower N-glycan branching on peripheral T cells 

compared to C57BL/6 mice, are highly susceptible to experimental autoimmune 

encephalomyelitis (EAE), the mouse model of multiple sclerosis (1). Deleting Mgat5 in 

PL/J mice further reduces branching and resulting in the development of a spontaneous 

MS-like disease. In addition, non-obese diabetic (NOD) mice, which develop 

spontaneous diabetes, also have lower branching level when compared to C57BL/6 

mice. Furthermore, 129/Sv mice, which have high N-glycan branching, are resistant to 

develop spontaneous EAE. Yet, deletion of Mgat5 in 129/Sv mice results in 

spontaneous kidney autoimmunity, enhanced delayed type hypersensitivity, and 

increased susceptibility to myelin basic protein (MBP)-induced EAE (1). Mgat4 and 

Magt2 deficient mice could be problematic to use for the study of autoimmunity due to 

possible compensatory mechanism of N-glycan branching (2).   

 

Double negative thymocytes 

 Marked physiological changes in branching were also observed between the 

DN1-4 stages of thymocyte development. TCRβ selection occurs during this stage, with 

newly re-arranged TCRβ associating with pre-TCRα to form the pre-TCR. Given the up 

to ~15 fold changes in branching in DN1-4 cells (Fig. 2.1), branching likely impacts early 
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thymocyte development and/or TCRβ selection. Of particular note is the observation 

that wild type DN4 cells are either L-PHA positive or negative, suggesting that 

physiological downregulation of branching in DN4 cells may target this population for 

death. Lck-driven Mgat1 or Mgat2 deletion is not able to block N-glycan branching until 

the DP phase of development. To investigate the role of N-glycan branching in early T 

cell development, one can use CD2-promoter driven deletion of Mgat1 or Mgat2 to 

downregulate branching in DN thymocytes. CD2 is upregulated when hematopoietic 

progenitors first commit to develop along the T cell lineage upon the entry of thymus.  

 

Regulatory T cells 

 Autoreactive T cells in the periphery can be suppressed by a subpopulation of 

CD4+ T cells, the regulatory T cells or Tregs. Tregs can be further divided into thymus-

derived Treg (tTreg) or peripherally induced Treg (pTreg) (3). Forkhead transcription 

factor Foxp3 is required for the production of Tregs, and its deficiency causes severe 

autoimmune syndrome both in humans and mice (4, 5).  

 It is known that the development of regulatory T cells (Treg) in the thymus 

requires higher TCR signals than conventional αβ T cells (6). Although I have not 

characterized Treg in Mgat1f/fLck-Cre+ mice, I assume Treg development would also be 

affected due to enhanced Ca2+ mobilization. Treg needs high-affinity pMHC to generate 

higher TCR signals, but high-affinity pMHC induced Ca2+ flux that might be too much for 

the development of regulatory T cells.  
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Cell surface molecules on Mgat1 deficient T cells 

 Endocytosis of growth inhibitory molecule CTLA-4 is enhanced due to Mgat5 

deletion (7). CTLA-4 mice develop severe autoimmunity (8). It is interesting to find out 

whether the loss of CTLA-4 on Mgat1 null peripheral T cells is further enhanced, and 

whether Mgat1f/f/tetO-Cre/ROSA-rtTA mice develop autoimmunity. Other cell surface 

molecules might also be regulated by N-glycan branching, or galectin-glycoprotein 

lattice. The Mgat1f/fLck-Cre+ and Mgat1f/f/tetO-Cre/ROSA-rtTA mice can be used for 

these studies.  

 

N-glycosylation in cancer 

 It has been shown that Mgat5 glycan products are upregulated in cancer cells 

(9). Inhibition of tumor growth and metastasis was reported in Mgat5 null mice (9). In 

addition, a recent study also showed that galectin1-VEGF receptor interactions are 

enhanced due to glycosylation (10). Enhanced galectin1-VEGF interaction contributes 

to the resistance of anti-VEGF treatment in cancer. However, refractory tumors are 

susceptible to anti-VEGF treatment in Mgat5 deficient mice. These studies suggest that 

inhibition of N-glycosylation might be a useful cancer therapy.  

 

Summary 

 The discovery that N-glycosylation is essential to T cell development helps us to 

further understand the production of responsive and self-tolerant T cells. This study 

showed that the galectin-glycoprotein lattice promotes thymocyte positive selection bi-

directionally.  
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