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ABSTRACT 

Molecular Characterization of the Interactions Between Glycoprotein Ligands 

and Vascular Selectins on Human Hematopoietic Stem/Progenitor Cells 

Dina Bashir AbuSamra 

The human bone marrow vasculature constitutively expresses both E-selectin and P-

selectin where they interact with the cell-surface glycan moiety, sialyl Lewis x, on 

circulating hematopoietic stem/progenitor cells (HSPCs) to mediate the essential 

tethering/rolling step. Although several E-selectin glycoprotein ligands (E-selLs) have 

been identified, the importance of each E-selL on human HSPCs is debatable and 

requires additional methodologies to advance their specific involvement. 

The first objective was to fill the knowledge gap in the in vitro characterization of 

the mechanisms used by selectins to mediate the initial step in the HSPCs homing by 

developing a real time immunoprecipitation-based assay on a surface plasmon resonance 

chip. This novel assay bypass the difficulties of purifying ligands, enables the use of 

natively glycosylated forms of selectin ligands from any model cell of interest and study 

its binding affinities under flow. We provide the first comprehensive quantitative binding 

kinetics of two well-documented ligands, CD44 and PSGL-1, with E-selectin. Both 

ligands bind monomeric E-selectin transiently with fast on- and off-rates while they bind 

dimeric E-selectin with remarkably slow on- and off-rates with the on-rate, but not the 

off-rate, is dependent on salt concentration. Thus, suggest a mechanism through which 

monomeric selectins mediate initial fast-on and -off binding to capture the circulating 

cells out of shear-flow; subsequently, tight binding by dimeric/oligomeric selectins is 

enabled to slow rolling significantly. 
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The second objective is to fully identify and characterize E/P-selectin ligand 

candidates expressed on CD34+ HSPCs which cause enhanced migration after 

intravenous transplantation compared to their CD34- counterparts. CD34 is widely 

recognized marker of human HSPCs but its natural ligand and function on these cells 

remain elusive. Proteomics identified CD34 as an E-selL candidate on human HSPCs, 

whose binding to E-selectin was confirmed using some static and flow-based assays. E-

selectin binds to CD34 with an affinity comparable to the well-described E-selLs 

CD44/HCELL and PSGL-1. CD34 knockdown resulted in faster-rolling velocities 

compared to control cells especially at and above three dyne/cm2. CD34 is the first 

selectin ligand since PSGL-1 reported to bind E-/P-/L-selectins and likely plays a key 

role in directing the migration of human HSPCs to the bone marrow.   
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Chapter 1 :Introduction 

1.1 Rational and hypothesis. 
Over the past 50 years, the standard therapeutic routine for hematologic disorders 

focuses on killing the patients' own diseased cells with high dose of chemo-radiotherapy 

prior to the reconstitution of healthy blood stem cells to the patient through a bone 

marrow transplant. Since then an estimated annual thirty thousand hematopoietic stem 

cell (HSC) transplantations are performed worldwide to cure or ameliorate a number of 

hematologic and genetic disorders such as Leukemia, a cancer of the blood that is 

characterized by the accumulation of immature white blood cells (blasts) in the blood 

stream affects both males and females alike and is the leading cause of cancer in children 

in Saudi Arabia according to 2010 statics (Cancer Facts & Figures, 2016). Saudi Arabia 

was ranked second in the Eastern Mediterranean region for incidence of these 

hematological disorders. Despite being the most routinely used, stem cell therapy accords 

poor survival rates (40-70 %) among transplanted patients. 20% of all kind of mortalities 

resulting from transplantation is caused mainly by the failure of hematopoietic recovery 

(where many cells cannot make it to their destination) resulting in failure of engraftment. 

This along with an increase in incidences of infectious diseases and excessive bleeding 

are the major contributors that threatens the patient's life during transplantation therapies 

(2016; Pasquini MC, 2012). Therefore, understanding the molecular details of HSPCs 

homing and engraftment will tremendously improve the hematopoietic recovery and 

lowers the mortality rate among engrafted patient populations. 

Looking to streamline and improve the transplantation process, researchers have 

worked on a number of fronts to: i) explore alternate sources of HSPCs, such as 

embryonic stem (ES) and induced pluripotent stem cells; ii) expand HSPCs in vitro; and 

iii) increase the efficiency of homing and engraftment of the HSCs to ensure that most if 

not all cells arrive at their destination in the bone marrow. This dissertation work is 

focused on understanding the mechanisms of HSPCs homing, especially identifying and 

characterizing the key molecular effectors that initiate the tethering interactions which 

will bring insight into methods to improve the recruitment efficiency of HSPCs to the 

bone marrow. 



22 

 
1.2 Hematopoietic stem cell (HSC) overview. 

Hematopoietic stem cells (HSCs) are rare cells that are able to make constant 

reservoir of themselves throughout life (self-renew) as well as produce hematopoietic 

progenitor cells (HPCs) that differentiate into every type of mature blood cell in a well-

defined hierarchy (Fig.1-1) (Dzierzak, 2002; Mikkola and Orkin, 2006; Moore, 2009; 

Pasquini MC, 2012). This is facilitated either by asymmetric self-renewal in which 

specific cell fate determinants are redistributed unequally to the two daughter cells or via 

environmental asymmetry, in which one daughter cell leaves the niche that sustains HSC 

self-renewal and is then exposed to an environment that promotes lineage 

differentiation(Wilson and Trumpp, 2006). Any defect in the process of proliferation 

without appropriate differentiation results in blood disorders such as leukemia (Kondo et 

al., 2003; Osawa et al., 1996). 

 
Figure  1-1. Hierarchical progression of multipotential HSCs.  

Schematic of hematopoiesis illustrating the generation of all functional hematopoietic lineages 
stemming from the HSC. The self‐renewal capacity of HSCs is gradually lost as progenitors become more 
committed to a single lineage. This figure is adopted from reference (Jos Domen, 2006).  
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1.2.1 HSC emergence and migration during the embryonic period. 

Evidence from avian and mouse embryos illustrates that embryonic hematopoiesis is 

speculated to start the following gastrulation when a subset of specialized mesodermal 

precursor cells commit to becoming blood cells and migrate to the yolk sac (7.5E in mice 

and 21E in human) to initiate embryonic red blood cell production (Jaffredo et al., 2005; 

M.A.S Moore; Migliaccio et al., 1986; Mikkola and Orkin, 2006). The yolk sac is 

responsible for transient primitive hematopoiesis, but appears to lack the ability to 

reconstitute the hematopoietic system in adult animals (Cumano et al., 1996). Given the 

site of initial emergence site of definitive HSC among mammals has been controversial 

over the past 40 years, the most convincing evidence indicated that the earliest HSC 

originated by 8.5E in mice and 27E in human from an intraembryonic site near the aorta, 

named the para-aortic splanchnopleura which becomes the aorta-gonad-mesonephros 

(AGM) region even before the completion of the circulatory system (Dzierzak, 2002; 

Magnon and Frenette, 2008; Medvinsky and Dzierzak, 1996; Migliaccio et al., 1986; 

Mikkola and Orkin, 2006; Moore, 2009; Pasquini MC, 2012). Once the circulatory 

system is functional the definitive HSCs and myelo-erythroid progenitors are capable of 

migrating from the embryonic hematopoietic sites through the circulation to colonize 

fetal liver at E10.5 for mouse and E42 for human (Dzierzak, 2002; Magnon and Frenette, 

2008; Mikkola and Orkin, 2006; Moore, 2009; Pasquini MC, 2012). Interestingly the 

liver, the primary fetal hematopoietic site, cannot generate new HSC in-situ but serves as 

a remarkable organ for expansion of HSCs that have migrated from embryonic sites until 

late fetal life, at which time bone marrow hematopoiesis is established (E15 for mice and 

E77 for humans)(Ema and Nakauchi, 2000). Within the bone marrow environment, HSCs 

are compartmentalized to specific niches whereby adhesive interactions with other cell 

types and components of the extracellular matrix are key to the maintenance of the HSCs 

leading to the production of immature and mature myeloid and lymphoid blood cells 

which are released into the circulation while also maintaining undifferentiated stem cells 

within the bone marrow throughout life. After homing into bone marrow environment, 

HSCs constitutively egress into the bloodstream by a reverse phenomenon (Lapidot and 

Petit, 2002; Papayannopoulou, 2000) (Fig. 1-2) 
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Throughout development, HSCs traffic from distinct embryonic sites to the fetal liver 

and end their developmental journey in the bone marrow, where most of the adult 

hematopoiesis occurs. HSCs exhibit a conserved capacity to migrate from the blood to 

the bone marrow (homing) and from bone marrow to blood (mobilization) throughout 

postnatal life (Wright et al., 2001). Migration of HSCs is an essential aspect of the 

hematopoietic system development which has been studied using genetically marked 

parabiotic mice, that share common circulation due to surgically conjoining the two mice 

(Wright et al., 2001). Interestingly, even quiescent HSCs continue to traffic throughout 

postnatal life for reasons that are not yet clear. One such hypothesis is that the 

physiological role of circulating stem cells is to serve as an immediate reservoir of 

multipotent stem cells available for the repair of hematopoietic and nonhematopoietic 

organs in case of catastrophic blood loss (Kondo et al., 2003; Lapidot and Petit, 2002; 

Wright et al., 2001). HSCs circulation represents the rational basis for common bone 

marrow transplantation procedures which allows the constitutive recirculation of HSCs 

through bone marrow, blood, and other tissues (Magnon and Frenette, 2008).  

 

(A) (B) 

(C) 
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Figure  1-2 Ontogeny of hematopoiesis during embryogenesis in human and mouse. 
A) An illustration of the changes in the hematopoietic pool during human embryo development and 

throughout the postnatal period shown on a circular timeline. Adopted from reference (Muench and 
Barcena, 2004). B) Hematopoiesis in mice starts in the yolk sac blood islands then moving to the AGM 
region and fetal liver; adopted from reference (Orkin and Zon, 2008). C) The capacity of each 
hematopoietic organ to produce specific blood lineages. ECs, endothelial cells; RBCs, red blood cells; LT-
HSC, long-term hematopoietic stem cell; ST-HSC, short-term hematopoietic stem cell; CMP, common 
myeloid progenitor; CLP, common lymphoid pro- genitor; MEP, megakaryocyte/erythroidprogenitor; 
GMP, granulocyte/macrophage progenitor. Adopted from reference (Orkin and Zon, 2008).  

1.2.2 Isolation of candidate human HSCs. 

Hematopoietic stem/ progenitor cells (HSPCs) are well-characterized populations, 

which reside in bone marrow peripheral blood (PB), and cord blood (CB) cells. Among 

different HSPC markers, the cell surface CD34 a sialomucin is notoriously known for its 

unique expression on HSPCs. The CD34+ population is responsible for most, if not all, 

colony-forming cell (CFC) activity of human bone marrow, PB, and CB cells in short-

term assays (Civin et al., 1984). Clinically after the successful hematopoietic short- and 

long-term reconstitution (short- and long- term culture-initiating cells, LTC-ICs) of human, 

immunocompromised mice and baboons with enriched CD34+ bone marrow, CD34 

expression became the hallmark of murine and human hematopoietic stem cells 

(Berenson et al., 1988; Bhatia et al., 1997; Krause et al., 1996; Sato et al., 1999; 

Sutherland et al., 1989). Evidence to date shows that the majority of hematopoietic 

progenitors are contained within the CD34-expressing cell fraction in the human embryo 

and in fetal liver, UCB and bone marrow (Krause et al., 1996). In addition to HSPCs, 

CD34 has also more recently been implicated as a marker on other adult stem cell 

populations such as muscle satellite cells (Alfaro et al., 2011; Beauchamp et al., 2000), 

epidermal precursors (van de Ven et al., 2012) and endothelial progenitor cells (Yang et 

al., 2011). However, the role of CD34 as a marker of hematopoietic stem cells has been 

challenged recently (Kondo et al., 2003; Osawa et al., 1996). The dogma started when 

Nakauchi and his colleagues found that CD34+ HSPCs in mice only support short-term 

reconstitution while the purified HSC population resided in CD34-/low c-kit+ Sca-1+ Lin- 

(KSL) cells (Osawa et al., 1996). Shortly afterward, Goodell et al. demonstrated that 

long-term repopulating potential stemmed from a unique class of HSCs (side population 

cells) purified depending on the relative absence of Hoechst-33342 staining. Interestingly 

this side population cells expressing either low or undetectable levels of the cell surface 
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marker CD34 (Goodell et al., 1997). Collectively, this and other studies imply the 

existence of a hitherto unidentified population of quiescent human HSCs that precede 

Lin-CD34+ progenitors in the hematopoietic hierarchy that have the ability to engraft and 

differentiate into multiple blood lineages (Dooley et al., 2004; Gallacher et al., 2000; 

Gotze et al., 2007; Zanjani et al., 1998). Besides the lack of a defined marker for the 

purification of this stem cell population, another challenge surfaces dealing with the 

inherent inability of these cells to home to the bone marrow compared to their CD34+ 

counterparts which could be partially circumvented by pre-activating these cells with 

cytokine (Bhatia et al., 1997; Gotze et al., 2007; Nakamura et al., 1999; Wang et al., 

2003). Some of the transplantable CD34+ cells could revert to CD34- cells in mice and 

human prior engraftment, yet the role of CD34 on bone marrow engraftment is not well 

described (Dao et al., 2003; Sato et al., 1999). 

Despite the importance of CD34 as a marker of early hematopoietic progenitor cells 

in experimental and clinical hematopoiesis (Berenson et al., 1988; Bhatia et al., 1997; 

Sutherland et al., 1989), the CD34+ population is heterogeneous and contains precursors 

for all lymphohematopoietic lineages. Thus, in an effort to further characterize this 

population, the expression of other cell surface markers was assessed together with CD34 

in order to purify more primitive HSPCs. For example, the majority of CD34+ cells (90–

99%) co-express the CD38 antigen, and this subset contains most of the lineage-restricted 

progenitors. CD38 expression is correlated with 1) an increasing percentage of CD34+ 

cells in cycle and 2) inhibition in their capacity to generate progeny over an extended 

period of long-term culture (Hao et al., 1995). Indeed, only the lineage depleted CD34+ 

CD38- immunophenotype of cells in the UCB and bone marrow have the ability to 

repopulate immunocompromised mice in LTC (Bhatia et al., 1997; Hao et al., 1995). 

These markers define a rare and primitive subpopulation of LTC-IC in the UCB and bone 

marrow that represent only about 1–10% of CD34+ cells. This rare immunophenotype 

CD38–CD34+ subset, has also been found in the blood of first and second trimester 

fetuses (Muench and Barcena, 2004). Overall however, the Lin−CD34+CD38−cell fraction 

is still quite heterogeneous with regard to surface marker expression and biological 

functions.  
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1.2.3 Post-natal HSC migration to bone marrow. 

 Prior to bone marrow transplantation, patients undergo radiation or chemotherapy 

treatment to destroy malignant cells and to provide available space within the bone 

marrow niche to accommodate newly transplanted HSPCs. Following intravenous (IV) 

injection of bone marrow stem cells, the HSPC migrates or “homes” out of the patients 

peripheral blood and into the bone marrow in a process resembling the well-established 

multistep paradigm of leukocyte trafficking (Sackstein, 2005; Springer, 1994; Tavassoli 

and Hardy, 1990). Comparable to the migration of white blood cells to inflamed and 

injured sites, HSPCs exhibit high flow rates and shear stresses in the blood circulation 

and stopping and exiting the flow becomes an extremely daunting task. HSPC migration 

is a complex process involving a cascade of molecular events that are regulated centrally 

by the nervous system, and enabled by various adhesion molecules, in particular, 

selectins (E-, P-, and L-selectin), chemokines and integrins and each of these key steps 

has obvious consequences for successful clinical stem cell transplantation procedures 

(Butcher and Picker, 1996; Mazo et al., 2011; Sackstein, 2005; Springer, 1994; Zarbock 

et al., 2011).This process is controlled by a highly sophisticated cascade of interactions 

and signaling processes to guarantee the recognition of bone marrow endothelium 

sinusoid by circulating HSPCs under shear stress. Through this recognition mechanism, 

circulating HSPCs binding to bone marrow endothelium is mediated initially by the 

selectins (E-, P-, and L-selectin), followed by chemokines and integrins (McEver and 

Zhu, 2010). The first step in this process is essential since the rapid and transient 

interactions between the selectin family expressed on bone marrow vasculature and their 

corresponding ligands on HSPCs cause sufficient resistance against the blood flow to 

help mediate HSPC attachment (tethering) and subsequent moving (rolling) along the 

endothelium (step 1) (Chang et al., 2000; Tavassoli and Hardy, 1990; Vestweber and 

Blanks, 1999; Zarbock et al., 2011). Once this is achieved, the HSPCs are able to initiate 

subsequent interactions with the vascular endothelial cells. One such key interaction 

occurs between chemokines expressed along the endothelium with chemokine receptors 

expressed on the HSPCs in flow that subsequently trigger inside-out signal transduction 

events (Step 2) (Chang et al., 2000; Zarbock et al., 2011). These signaling events provoke 

HSPC specific integrin activation (both α4 integrins, α4β1 and α4β7) allowing them to 
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firmly adhere over the endothelial surface by binding to their corresponding endotheial 

cell ligand (eg. vascular cell adhesion molecule-1 (VCAM-1)) (Step 3) (Katayama et al., 

2004; Qian et al., 2006). Interestingly, the expression of α4 and β1 integrin supported 

HSPCs colonization in the fetal liver and, consequently, the fetal bone marrow 

(Katayama et al., 2004; Potocnik et al., 2000). All these events culminate to ultimately 

induce HSPCs transmigration across the endothelial cell layer towards their niche within 

the bone marrow (Step 4) (Fig.1-3). This multistep paradigm is not only vital for HSPCs 

engraftment, but it is also critical for rapid and efficient leukocyte recruitment to an 

inflammatory site and also for naïve T-cell homing to lymph node (Butcher and Picker, 

1996; Dimitroff et al., 2001a; Frenette et al., 1998; Lapidot and Petit, 2002; Magnon and 

Frenette, 2008; Schweitzer et al., 1996; Springer, 1995; Vestweber and Blanks, 1999).  

 

Figure  1-3. The multistep paradigm of HSPCs migration. 
The scheme highlighting the main interactions that take place between the flowing HSPC and the 

endothelial cells lining the blood vessels within the bone marrow. Step 1, Tethering and Rolling, is 
mediated by the selectins and their ligands and acts to slow down the cell. Step 2, Integrin Activation, is 
controlled by the expression of chemokines on the surface of the endothelial cells finding their appropriate 
chemokine receptors on the surface of the HSPC, leading to a conformational change in integrin(s) 
expressed on the HSPC and the subsequent binding of the integrin(s) to its ligand(s) on the endothelium 
leading to Step 3, Firm Adhesion/Arrest. The interaction of all of these molecules with their appropriate 
receptors culminates at Step 4, the Transmigration/Extravasation of the HSPC into the bone marrow niche. 
Left inset, represents studies of E-selectin ligands expressed over HSPCs. Right inset, accounts for the 
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molecular interaction between the carbohydrate recognition domain (Lectin binding domain) of E-selectin 
and the tetrasaccharide post-translational modification sialyl Lewis x (sLex; an α(2,3)-linked sialic acid 
substitution on galactose, and an α(1,3)-linked fucose modification on N-acetylglucosamine) displayed on 
either glycolipids or glycoproteins in a Ca2+-dependent manner (yellow ball). Adapted from reference 
(Somers et al., 2000). 

 

1.2.4 The main players that controls HSPCs migration: 

1.2.4.1 Tethering over selectin family initiate the HSPCs capturing cascade:  

Rolling adhesion on vascular surfaces is the first step in recruiting circulating 

leukocytes, hematopoietic progenitors, or platelets to specific organs or to sites of 

infection or injury (Butcher and Picker, 1996; Sackstein, 2004; Sackstein, 2005). For 

cells to roll, they must break rapidly through the following steps: 1) forming labile bonds 

with a receptor ligand exerts an adhesive stress, which slows a cell's velocity; 2) this 

decrease in cell velocity enhances the formation of additional bonds. 3) A rapid 

dissociation rate ensures that even with multiple bonds formed downstream, a random 

upstream breakage of formed bonds cause the cell to tumble forward in the direction of 

flow (Brunk and Hammer, 1997; Sackstein, 2004; Sackstein, 2005; Springer, 1994; 

Springer, 1995). The rolling process is considered absolutely essential for adhesion to 

occur and the involvement of selectins in this process is evident (Lawrence and Springer, 

1991). The identification of selectins as glycan-binding marked a milestone in the 

development of the glycobiology field. Selectin-ligand interaction are a perfect example 

of the structure-function relationships between glycosyltransferases (GTs) and their 

cognate carbohydrate structural products as recognition molecules. Selectin-ligand 

interactions have a rapid association and dissociation rate constants with elongated 

structure that is believed to enhance their flexibility and ability to bind their ligands on 

flowing cells (Lawrence and Springer, 1991; Springer, 1994).  

Selectin-independent adhesion in some tissues is also documented (Kubes, 2002). 

Also, many studies suggest integrins actually help or replace selectins. α4 integrins have 

been shown to mediate the rolling of lymphocytes and eosinophils on vascular 

endothelial cells in vitro and in postcapillary venules in vivo (Alon et al., 1995; Berlin et 

al., 1995; Grabovsky et al., 2000; Patel, 1998). Monocytes also use α4 integrins (Walter 
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and Issekutz, 1997). On the other hand, neutrophils appear to be mostly dependent on 

selectins for rolling in acute inflammatory models (Alon et al., 1995; Johnston et al., 

1997) but less so in chronic or systemic inflammatory models, where α4 integrins play a 

more-pronounced role (Burns et al., 2001; Issekutz et al., 1996; Johnston et al., 1996). 

Reports by Issekutz et al. define VLA-4 as a predominant E-/P-selectin-independent 

mechanism for migration of resting T cells to skin inflammation (Issekutz and Issekutz, 

2002), in a similar manner as migration to inflamed brain (Bartholdy et al., 2000; 

Engelhardt et al., 1997) and lung (Wolber et al., 1998) models. The balance of VLA-4 

versus selectin-mediated mechanisms varies in tissue type and stimulus type, even within 

the same tissue; this may be related to differences in the expression of E- and P-selectins, 

as well as VCAM-1 resulting from the stimulus (Norman et al., 2003). Adapting the same 

concept, a parallel contribution of the vascular selectins (E and P-selectins) and VCAM-1 

were noticed during mice HSPCs rolling studies where the reduced homing of murine 

HSPCs in E- and P- double knockout mice was further compromised when VCAM-1 is 

blocked (Frenette et al., 1998; Mazo et al., 1998) (Frenette et al., 1998; Mazo et al., 1998; 

Papayannopoulou et al., 1995). In contrast to murine progenitors (Frenette et al., 1998; 

Mazo et al., 1998; Papayannopoulou et al., 1995), the initial interactions of human 

CD34+ cells are largely dependent on vascular selectins (90% of rolling cells) while 

VCAM-1 plays a partial role in this activity (Bullard et al., 1996; Hidalgo et al., 2002).  

 

1.2.4.2 The structure and expression of Selectin family members 

The selectin family is the best-characterized member of the larger C-type lectin 

family. Like any member that belongs to the C-type (calcium dependent) lectin 

family, they share primary and secondary structural homology (except in the 

transmembrane and cytoplasmic domains) to function as principal regulators of Step 1 

rolling interactions that are needed for tissue-specific cell migration (Kansas, 1996). E-

selectin, together with L- and P-selectin, comprise the selectin family of adhesion 

molecules. The selectin names were developed according to the cell type source where 

they were identified. For example, L-selectin is expressed on all leukocytes and E-

selectin is expressed by cytokine-activated endothelial cells while P-selectin is expressed 

http://bme.virginia.edu/ley/l-selectin.html
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constitutively in α-granules of platelets, in Weibel–Palade bodies of endothelial cells, and 

on the surfaces of activated platelets and endothelium. They all share a uniform structure 

consisting of a single carbohydrate recognition domain (i.e. lectin domain) at their 

extracellular amino termini, followed by an epidermal growth factor -like domain, several 

complement regulatory repeats (also known as sushi domains or complement control 

protein [CCP] modules) which varies among the siblings (i.e. L-selectin has 2 

complement regulatory domains, E-selectin has 6 and P-selectin has 9) (Tedder et al., 

1995; Vestweber and Blanks, 1999). The protein is anchored in the membrane by a single 

transmembrane domain, which is followed by short cytoplasmic tail; it’s extended 

molecular structure is relatively rigid (Fig. 1-4) (Bevilacqua and Nelson, 1993; 

Cummings and McEver, 2009; Vestweber and Blanks, 1999). The function of the selectin 

family members in migration was characterized following the analysis of a number of 

loss of function studies. The role of L-selectin in neutrophil migration into inflamed 

tissue was first identified following the administration of MEL14 mAb, an L-selectin 

blocking antibody (Jutila et al., 1989; Pizcueta and Luscinskas, 1994). Blocking 

monoclonal antibodies against activated endothelial E-selectin and P-selectin were also 

found to prevent the adhesion and recruitment of neutrophills to inflammatory sites 

(Lewinsohn et al., 1987; Tedder et al., 1995).  
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Figure  1-4. The overall structure of selectins.  
A schematic diagram illustrating the structural domains of selectins where the individual domains are 

depicted as an N-terminal lectin domain (L) followed by an epidermal growth factor domain (E), two (i.e. 
L-selectin), six (i.e. E-selectin) or nine (i.e. P-selectin) complement regulatory domains (C) domains, a 
transmembrane domain (T) and a short C-terminal cytoplasmic domain (blue, COO-). The distance from 
the plasma membrane is shown for reference (Cummings and McEver, 2009). 

Although selectins are closely related in their structure and function, they differ in 

their expression patterns. For instance, like P-selectin, E-selectin is induced on the 

surface of vascular endothelium after 2 hours of transcriptional induction by 

inflammatory mediators (TNF-α, LPS and IL-1β), and is dependent on several 

transcription factors including NF-kB and AP-1 with maximal expression at about 4-6 

hours then declines to basal levels within 12–24 hours in vitro even in the continued 

presence of stimulus (Haraldsen et al., 1996; Kunkel and Ley, 1996b; Lehr and Pienta, 

1998; Schweitzer et al., 1996). This drop in E-selectin expression is due to transcription 

downregulation, degradation of E-selectin transcripts, and internalization and turnover of 

E-selectin protein in lysosomes (Ehrhardt et al., 2004). P-selectin, on the other hand, is 

constitutively synthesized then stored intracellularly in Weibel-Palade bodies of both 

platelets and endothelial cells. After activation by a variety of mediators P-selectin is 

rapidly mobilized to cell surface. Cell surface expression of P-selectin takes a short time 
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(minutes) which makes it an ideal candidate for immediate response needed for 

leukocyte-endothelial cells interactions (Tedder et al., 1995). L-selectin is continuously 

expressed on all hematopoietic cells at some stage of differentiation such as on myeloid 

differentiation and most circulating neutrophils, monocytes and eosinophils as well as the 

majority of B-cells and naïve T-cells while only a sub-population of memory T-cells and 

NK cells express L-selectin (Tedder et al., 1995). 

1.2.4.3 The role of vascular selectins in HSPCs homing and maintenance: 

I. E-selectin: 

E-selectin (CD62E, ELAM-1 or LECAM-2) is constitutively expressed on the small 

vessels of adult bone marrow endothelium, however it is expressed in hematopoitically 

active organs during fetal development as assessed by extensive immunophenotyping 

studies including: fetal liver, fetal spleen and fetal bone marrow (Schweitzer et al., 1996). 

Intra-vital microscopy studies in mice have also revealed that HSPC migration to marrow 

occurs at specialized microvascular beds expressing E-selectin (Mazo et al., 1998; 

Schweitzer et al., 1996). These and several other independent lines of evidence have 

highlighted a central role for E-selectin–dependent interactions in HSPC recruitment 

during all stages of hematopoiesis (Frenette et al., 1998; Hidalgo et al., 2002; Mazo et al., 

1998; Nabors et al., 2013). Since the trans-membrane and cytoplasmic domains among 

the selectins are not conserved, each selectin could induce adifferential cascade of 

signaling events with different functional consequences within the endothelial cell. For 

example, E-selectin is thought to exhibit more of a regulatory role in the niche (Kansas, 

1996). Although single-selectin knock-out mice do not exhibit any obvious hematologic 

defects, a new role of E-selectin in the vascular niche has been proposed in which E-

selectin could be important in regulating HSPC dormancy and proliferation (Moore, 

2012; Winkler et al., 2012). In a recent study, Winkler et al. reported that in mice lacking 

E-selectin expression, HSPCs exhibited a slower cell cycle progression compared to 

wild-type mice (Moore, 2012; Winkler et al., 2012). This observation was E-selectin-

specific as the HSPC cycle time of P-selectin knockout mice was similar to that of their 

wild-type counterparts. In addition, quiescent cells engrafted in the absence of E-selectin 
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showed enhanced persistence following chemotherapy treatment. In support of this, E-

selectin was uniquely detected in endothelial cells (CD31+ endothelial cells) with 16-fold 

higher expression in the endothelial cells near the interface of the endostial niche 

compared to the central sinusoidal vasculature (Moore, 2012; Winkler et al., 2012). 

II. P-selectin: 

P-selectin (CD62P, LECAM-3, GMP-140 or PADGEM) was first purified from 

platelets then later found to also be expressed in endothelial cells (Dore et al., 1993). P-

selectin can also be transcriptionally regulated to increase expression in human 

endothelial cells in response to interleukin-4 (IL-4), IL-13, thrombin, histamine and 

oncostatin M (Dore et al., 1993; Ehrhardt et al., 2004; Pan and McEver, 1995). In 

contrast, tumour necrosis factor alpha (TNFa), lipopolysaccharide (LPS) and IL-1 do not 

affect P-selectin expression levels due to the absence of a traditional NF-κB binding site 

within the human P-selectin promoter (Dore et al., 1993; Ehrhardt et al., 2004; Pan and 

McEver, 1995). Previous studies have shown that P-selectin and E-selectin are critical to 

the homing of human and mouse HSPCs into the bone marrow (Hidalgo et al., 2002). It is 

well known that E-selectin plays a major role in leukocyte recruitment through its close 

collaboration with P-selectin (Dore et al., 1993; Kansas, 1996; Labow et al., 1994; 

Mayadas et al., 1993). Another role of P-selectin relates to directing cancer cells 

suggesting an important role for P-selectin in tumour formation as well as breast and 

colon cancer metastasis (Aigner et al., 1997). Interestingly, culture of immature Lin- Sca-

1+ c-kit+ HSPCs over immobilized P-selectin causes delayed differentiation of these cells 

and prolongs and enhances the production of more primitive Gr-1- Sca-1+ cells as well as 

produces more CFC and CFU mix colonies than of immature multipotent HPCs(Eto et 

al., 2005). In contrast, adhesion to immobilized E-selectin rapidly accelerates the 

differentiation of Lin- Sca-1+ c-kit+ cells to mature myeloid cells in these culture 

conditions (Eto et al., 2005). However, neither P- nor E-selectin was able to prevent the 

loss of long-term competitive repopulating cells in these cultures and therefore did not 

support HSC self-renewal (Eto et al., 2005). In another in vitro study, culturing human 

CD34+HSPCs isolated from different sources (UCB, mobilized peripheral blood (mPB), 

steady-state bone marrow) on coated P-selectin dishes cause caused inhibition in cell 
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proliferation as well as enhanced apoptosis (Winkler et al., 2004). Overall these studies 

implicated a regulatory role of P-selectin in inhibiting cellular proliferation and inducing 

differentiation. 

  

III. Selectin Knockout mice defects.  

P-selectin-deficient mice have a number of defects in leukocyte behavior, including 

mild neutrophilia and absence of leukocyte rolling in mesenteric lymph node venules 

(Mayadas et al., 1993). These mice also exhibit protection in models of ischemia-

reperfusion, lung transplantation and atherosclerosis (Connolly et al., 1997; Johnson et 

al., 1997; Naka et al., 1997). In addition, they display a temporary delay in recruitment at 

early time points (one-two hours), in response to an inflammatory stimulus (Mayadas et 

al., 1993). 

E-selectin-deficient mice, by contrast, do not display any adverse phenotype in 

models of inflammation and contact hypersensitivity (Bullard et al., 1996; Labow et al., 

1994) but they do have higher rates of mortality and bacteremia in response to 

Streptococcus pneumoniae (Munoz et al., 1997). 

Thus, mice with null mutations in individual vascular selectins have mild-to-

moderate inflammatory defects. When the functions of more than one selectin are 

blocked, more severe phenotypes are observed. Blocking E-selectin and P-selectin by 

injecting murine P-selectin Ab into E-selectinnull mice, Labow et al. reveal that neutrophil 

emigration could be inhibited. In a thioglycollate-induced peritonitis model, neutrophil 

accumulation at early times depends on P-selectin, while neutrophil accumulation at later 

time is inhibited only in absence of both E-/P-selectin (by the α-P-selectin Ab in E-

selectinnull mice). Similarly, in a model of delayed-type hypersensitivity (DTH), blocking 

P-selectin function in E-selectinnull mice eliminates edema and leukocyte accumulation in 

the skin (Labow et al., 1994). Blocking of P-selectin in immunocommprimised mice 

cause a significant reduction of human HSPCs rolling. 

To further elucidate the role of selectins in HSPCs homing, double knockout mice 

where E/P-selectin were knocked out (only L-selectin is expressed) were generated by 

Bullard et al (Bullard et al., 1996; Frenette et al., 1996). Double knockout mice exhibit an 
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especially pronounced phenotype (Bullard et al., 1996; Frenette et al., 1996). These mice 

have extreme leukocytosis (Frenette et al., 1996; Robinson et al., 1999), elevated 

circulating inflammatory cytokines, such as IL-3 and GM-CSF levels, enlarged spleens, 

altered hematopoiesis, and develop spontaneous skin and mucosal infections, which 

eventually cost them their life (Frenette et al., 1996). These mice also have a reduced 

DTH to oxazolone (Staite et al., 1996), impaired wound healing (Subramaniam et al., 

1997) and exhibit protective effects in atherosclerosis (Dong et al., 1998). Bullard et al. 

also developed P-/E-selectin double-deficient mice. They discovered that these mice have 

severe mucocutaneous infections, plasma cell proliferation, hypergammaglobulinemia, 

severe deficiencies of leukocyte rolling in cremaster venules with or without addition of 

TNF-α, and an absence of neutrophil emigration at four hours, in response to peritonitis 

(Bullard et al., 1996; Frenette et al., 1996; Robinson et al., 1999) (Dong et al., 1998; 

Staite et al., 1996; Subramaniam et al., 1997). Lethally irradiated mice with limiting 

numbers of wild type bone marrow cells rescued significantly fewer double knockout 

mice relative to the wildtype recipient due HSPCs defective homing. In contrast bone 

marrow transplantation of single knockout mice survived (Frenette et al., 1996; Hidalgo 

et al., 2002; Nabors et al., 2013)  

1.2.4.4 Selectin ligands : 

1.2.4.4.1 Vascular selectin binding motif: 
All three selectins possess highly conserved lectin domains (~75% among species 

and ~52% in the same species), suggesting that they bind similar sugar structures (Ley, 

2003). The lectin domain of all three selectins recognizes a tetrasaccharide structure as a 

physiologically relevant recognition component (Foxall et al., 1992; Varki, 1994). This 

glycan structure includes a unique sialylated, fucosylated structure, prototypically known 

as sialyl-Lewis x (sLex) (NeuAc α2  3Galβ1  4[Fucα1 3]GlcNAc β1  R). sLex 

decorations are found as a terminal component on many glycoproteins and glycolipids 

(Fig.1-5). In addition to sLex, E- and P-selectin and L-selectin also bind to the sLex 

isomer known as sLea (Neu5Acα2  3Galβ1  4[Fucα1 4]GlcNAc β1  R) (Berg et 

al., 1991a; Brunk and Hammer, 1997; Nelson et al., 1993; Paavonen and Renkonen, 

1992; Turunen et al., 1995; Varki, 1994). As illustrated in Fig.1-5, the crystal structure of 
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the interaction between selectins and sLex/a expressing ligands is mostly electrostatic in 

nature where sialic acid and fucose of sLex/a make the majority of the interactions in a 

stereo-specific manner(Nelson et al., 1993; Torgersen et al., 1998). Indeed for E-seletin 

binding modifying fucose and sialic acid sugars within synthetic oligosaccharide sLex 

structures leads to loss of binding to E-selectin (Berg et al., 1991a; Brunk and Hammer, 

1997; Dimitroff et al., 2001a; Larsen et al., 1992; Nelson et al., 1993). The lectin 

domain has two highly conserved disulfide bonds and up to four sites for binding Ca2+ 

(Cummings and McEver, 2009). This calcium within the lectin binding domain of the 

selectin coordinates the interaction towards the 3- and 4-hydroxyl groups of the fucose 

residue within sLex; however the the Galactose (Gal) and the N-acyetylglucosamine 

(GlcNAc) residues make only limited hydrogen bonds with the protein as illustrated in 

Fig.1-5 (Somers et al., 2000). Loss of Ca2+ can lead to destabilization and loss of the 

interaction. This destabilization is also affected by pH-induced changes that lead to loss 

of the ligand-binding affinity since the pH-induces loss of Ca2+ (Cummings and McEver, 

2009). Thus, changes in amino acids within the lectin domain may alter sugar specificity 

(Cummings and McEver, 2009). Using a competitive inhibition assay of several 

synthesized glycoform structures indicates that removal of sialic acid abolishes the E-

selectin but not P-selectin binding while the substitution of sialic acid group with sulfo-

Lex/a is sufficient to support E-selectin binding (Bevilacqua and Nelson, 1993; Larsen et 

al., 1990; Larsen et al., 1992; Nelson et al., 1993; Torgersen et al., 1998). Also, unlike E-

selectin, sulfation of the glycan to produce 6-sulfo-Slex and/or nearby tyrosine residues 

within the lectin domain are crucial for L- and P-selectin binding respectively (Bowman 

et al., 2001; Fuhlbrigge et al., 2002; Hemmerich et al., 1994; Mitsuoka et al., 1997; Sako 

et al., 1995; Wilkins et al., 1995). Substitution of the N-acetyl group with either amino or 

azido moieties on sLex or sLea increased the binding affinity to E-selectin while none of 

these molecules was effective in blocking the binding of P-selectin to either sLex or 

sLea BSA conjugated molecules indicating its specificity to E-selectin and suggesting 

differences in the lectin recognition domains for the two selectins (Nelson et al., 1993). 

HECA-452 mAbs, prepared against proposed cutaneous lymphocyte antigen, could 

recognize sLex and its stereoisomer, sLea, as well as other, less well defined 

carbohydrates found on sLex-negative/low T cells while CSLEX I recognize only sLex 
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structure (Berg et al., 1991b; Kansas, 1996). Several studies have functionally correlated 

the E-selectin ligand activity with expression of HECA-452 post translation modification 

(Dimitroff et al., 2001a; Fuhlbrigge et al., 1997). 

 

Figure  1-5 Position of key residues in C-type lectin domains of E-selectin/ sLex interaction.  
Ribbon representation of the crystal structure of E-selectin lectin binding domain in complex with 

sLex. The magnified picture represents the molecular interaction between the lectin domain of E-selectin 
and the tetrasaccharide post translational modification sialyl Lewis X (sLex; an α(2,3)-linked sialic acid 
substitution on galactose, and an α(1,3)-linked fucose modification on N-acetylglucosamine). The top 
superimposed figure represents the lectin domain (point) that interacts with sLex is focusing on the that 
Fucose (purple) that makes extensive interactions with several residues in the lectin domain and it also 
coordinates with a Ca2+ ion (yellow sphere). While the bottom stereo view focuses on the Gal and NeuNAc 
interaction. Dashed lines represent calcium ligation and hydrogen bonds. A bound water molecule is shown 
as a red sphere. The image is adapted from reference (Somers et al., 2000). 
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EGF 
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1.2.4.4.2 Glycosyltransferases (GTs) involved in selectin ligand biosynthesis 

These carbohydrate ligands are post-translationally synthesized by the GTs, a family 

of about 200 enzymes that constitute~1% of the human genome (Buffone et al., 2013). 

All GTs are type II transmembrane-Golgi/ER localized enzymes with a short NH2-

terminal tail in the cytosol followed by a transmembrane domain, linked to the catalytic 

domain in the Golgi/ER lumen by a short stem region. In order to make a specific 

glycosidic bond, each GT generally uses only one of several sugar nucleotide substrates 

(including UDP-Galactose (Gal), UDP-Glucose (Glc), UDP-N-acetylgalactosamine 

(GalNAc), UDP-N-acetylglucosamine (GlcNAc), GDP-fucose (Fuc), GDP-mannose 

(Man), UDP-xylose (Xyl), CMP-sialic-acid (SA)). The vast majority of these GTs are 

responsible for elongating glycan chains, so that the product of one enzyme yields a 

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

and/or branched polymer composed of monosaccharides linked to one another. Selectin 

ligand epitopes require the action of several GTs (Rini et al., 2009). 

The addition of galactose (Gal) to N-acetylglucosamine (GlcNAc) by β1,4-galactose 

transferases (β1,4-GalT) leads to the formation of a type II N-actyllactoseamine structure 

which can be extended a number of times. Seko et al. found that, of the seven β4GalTs, 

β4GalT-4 is the only enzyme that efficiently forms the 6-sulfo-sLex structure, L-selectin 

ligand binding motif, using β4GalT-4null mice (Seko et al., 2003). While seven β4GalT 

genes are isolated, their individual roles in selectin-ligand biosynthesis remain to be 

determined. β4GalT-1null mice (Asano et al., 1997), exhibit growth retardation and semi-

lethality before weaning because of augmented proliferation and abnormal differentiation 

of small intestine epithelial cells. In surviving mice, more than 80% of the core 2 O-

glycans on the leukocyte membrane glycoproteins lack Gal residues in β-1,4 linkages. 

Once extended, it is ready for the addition of sialic acid on the terminal Gal by the 

activity of α2,3 sialyltransferases (ST3Gal). Mammalian cells express 6 isoforms of 

ST3Gal where only ST3Gal-3, -4, and -6 enzymes are able to transfer sialic acid (NeuAc 

in humans) to Gal on type II lactosamine (Galβ1,4GlcNAc) structure to generate sLex and 

related glycans (Mondal et al., 2015; Okajima et al., 1999). Knock down of ST3Gal-3, 

ST3Gal-4 or ST3Gal-6 in the human myeloid cell line, HL-60, demonstrated that 

ST3Gal-4 is the major sialyltransferase regulating the biosynthesis of the sLex motif on 
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both N- and O-glycans and further the binding of all three selectins in humans (Mondal et 

al., 2015). To determine the effect of lack of these enzymes on selectin ligand activity in 

vivo, mice with deficiencies in ST3GalTs (ST3Gal-1, -2, -3, -4) were generated and 

studied (Ellies et al., 2002; Priatel et al., 2000). Only ST3Gal-4 affected the synthesis of 

selectin ligands in neutrophils, as measured by a decrease in rolling on P-selectin in in 

vitro flow chamber assays, but not in TNF-α treated cremaster venules in vivo. ST3Gal-6 

most closely mimics ST3Gal-4 in its substrate specificity (Kono et al., 1997; Kono et al., 

1998; Okajima et al., 1999; Sasaki et al., 1993) and may account for the residual 

sialidase-dependent selectin ligand activity in ST3Gal-4null neutrophils. 

The final step in the creation of the sLex eptitope to a growing glycan is the addition 

of fucose (Fuc) to GlcNAc by the activity of α1,3-fucosyltransferases (FucT). The FucT 

family in humans is comprised of FucT-3 to FucT-7, which all attach Fuc in α1–3 linkage 

to the terminal GlcNAc of the N-acetyllactosamine moieties of glycans. In some rare 

cases, a single enzyme can catalyze more than one reaction such as human FucT-3, which 

can attach fucose in either α1–3 or α1–4 linkage. Among these only FucT- 4, -7 and -9 

are functionally expressed in human myeloid cells as well as CD34+ HSPCs (Le Marer et 

al., 1997; Rini et al., 2009; Sasaki et al., 1994). While FucT-7 catalyzes the sialylated 

LacNAc-type structures, FucT-4 and FucT-9 act on nonsialylated LacNAc units with 

FucT-9 preferring to act on the non-reducing end and FucT-4 on the reducing end. Action 

of Fuc-Ts contribute to the synthesis of Lex as well as sLex (Fig. 1-6) (Buffone et al., 

2013). Human FucT-7 is involved in the synthesis of sLex and HECA-452 epitope, 

whereas human FucT-4 generates Lex carbohydrate determinants. Co-transfecting CHO-

cells, E-,P- and L-selectin negative cel line) with either FucT enzymes along with core2 

GlcNAcT confirmed the inequality of these enzymes contribution, and FucT-7 has more 

significant impact in producing the slex dependent rolling structure(Homeister et al., 

2001; Martinez et al., 2005). The targeted gene of each FucT in myeloid cells (HL-60 and 

KG1) revealed their impact on regulating human E-selectin ligand biosynthesis while 

FucT-4 and -7 were sufficient to mediate rolling interaction on P- and L-selectin 

(Buffone et al., 2013; Le Marer et al., 1997). This study described the significant role of 

FucT-9 in human, but not mouse, during leukocyte-endothelial (Buffone et al., 2013). 

Interestingly mice deficient in FucT-7 exhibit deficiency in leukocyte adhesion due to 
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their inability to bind E- and P-selectin as well as showing deficiency in L-selectin 

ligands on high endothelial venules of the secondary lymphoid organs (Maly et al., 1996). 

FucT-7 deletion in mice significantly decreases selectin-mediated leukocyte trafficking 

while disruption of both FucT-7 and FucT-4 eliminates these interactions. These studies 

suggest that virtually all physiologically relevant selectin ligands require α1,3-linked 

fucose. The presentation of the carbohydrate on the protein backbone contributes to the 

specificity and affinity of the selectin binding.  
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Figure  1-6: Selectin ligand biosynthetic pathway. 
The synthesis of sLex begins by attaching a Gal in β1-4linkage to GlcNAc backbone in Core2 O-

glycan or extended N-glycan. The lactosamine precursor is then subjected to α2,3-sialylation and α1,4-
fucosylation. The sequences, structures, linkages, and nomenclatures of the carbohydrates, as well as 
catalytic enzymes are indicated. UDP; Uridine diphosphate. CMP; Cytidine-monophosphate and GDP; 
Guanidine diphosphate.  
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1.2.4.4.3 Major glycan types that binds selectin family: 

Glycans, or carbohydrates, are the most-abundant and structurally diverse 

biomolecule. Numerous pathways and enzymatic activities involved in glycan 

biosynthesis generate this diversity in the secretory pathway. It has become apparent that 

while carbohydrates are essential component of selectin ligands, the specific carriers 

lipids or protein contributes significantly to selectin specificity or modulation of 

biological processes (Lowe and Marth, 2003; Varki, 1993). One of the most common 

post-translational modifications is glycosylation and approximately half of all human 

proteins are estimated to be glycoproteins (Wong, 2005).  

Among the six major classes of mammalian glycans indicated in Fig. 1-7, most 

glycans on membrane and secreted proteins are found in N-linkage to Asn or in O-

linkage to Ser/Thr. Glycosaminoglycans (GAGs) are O-linked glycans initiated by a 

conserved tetrasaccharide (GlcA-β1,3-Gal-β1,3-Gal-β1,4 Xyl-β) and classified by the 

composition of their disaccharide repeat. Glycoproteins carrying one or more GAG 

chains are called proteoglycans, and can be secreted or membrane anchored through a 

transmembrane domain or glycosylphosphatidiylinositol (GPI)-anchor. GPI-linked 

proteins are anchored to the cell surface by an inositol phosphate attached to a glycan that 

is, in turn, linked to a phosphatidylinositol-linked fatty acyl chain residing in the plasma 

membrane. Hyaluronic acid, a GAG-like polymer of the extracellular matrix, is the only 

glycan that is not linked to a protein or lipid. In addition to proteins, sphingolipids can be 

modified by glycosylation. Eukaryotic cell surfaces are enriched in glycosphingolipids, 

which are ceramide-linked glycans that can be capped and branched with Fuc and sialic 

acid (Fig. 1-7). 
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Figure  1-7: Major classes of vertebrate glycan structures. 
The scheme represents the six major classes of mammalian glycans: colipids, glycosaminoglycans 

(GAGs), GPI-anchored glycans and hyaluronan. The two general classes of protein-bound glycans are N- 
and O-linked glycans. The N-linked glycans are bound to the nitrogen atom through asparagine side chains 
whereas the O-linked glycans are bound to the oxygen atom of serine or threonine side chains. This figure 
is adapted from reference (Moremen et al., 2012). 

I. N-glycan: 

N-glycans begin as a relatively large core structure which is initially synthesized as a 

lipid precursor on the cytoplasmic face of the ER membrane, moved into the ER lumen 

during synthesis by an ER-localized flipase enzyme, and then added to nascent 

polypeptides that harbor an available primary amine on asparagine residue side chains 

within the Asn-X-Ser/Thr consensus sequence on growing polypeptides (where X is any 

amino acid except proline) (Kornfeld and Kornfeld, 1985; Moremen et al., 2012; 
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Shivatare et al., 2016; Vasconcelos-Dos-Santos et al., 2015). The processing in the ER 

introduces only limited diversity that is shared with all glycoproteins but once the 

proteins arrive in the Golgi, structural diversity is generated. In the early secretory 

pathway, the N-glycans have a common role in promoting protein folding, quality 

control, and certain sorting events. Later in the Golgi, enzymes introduce much diversity 

which generates mature proteins that possess novel and diverse functions (Varki, 1998). 

During the synthesis of N-linked glycans in mammalian cells, a 14-saccharide core 

(Glc3Man9GlcNAc2) unit is assembled as a membrane bound dolichylpyrophosphate 

precursor by a series of enzymes, beginning with the enzyme UDP-GlcNAc: dolichol 

phosphate GlcNAc-1-phosphate transferase (GlcNAc-PT). GlcNAc-PT is essential to N-

glycan assembly and plays a critical role in protein folding of many membrane-associated 

and secreted polypeptides. Tunicamycin, a GlcNAc analogue that competitively inhibits 

of GlcNAc-PT function, leads to severe cellular disfunction and death, suggesting that N-

glycans are required for cell viability due to their role in early processing and protein 

folding within the ER (Fig. 1-8) (Johnson et al., 2013; Stanley et al., 2009; Varki, 1998; 

Vasconcelos-Dos-Santos et al., 2015). The completed core oligosaccharide is then 

transferred from the dolichylpyrophosphate carrier to a growing polypeptide chain and is 

coupled through an N-glycosidic bond to the side chain of an asparagine residue by an 

oligosaccharyltransferase (OST) (Varki, 1998). After coupling occurs, glucosidases 

(Glcase I and II) quickly remove the two terminal glucose residues. Removal of the third 

glucose, however, is associated with proper glycoprotein folding and contributes to the 

ER retention time of that glycoprotein. Folding is monitored by a glucosyltransferase as 

well as a molecular chaperone – calnexin. This glucosyltransferase acts as a sensor that 

detects improperly folded proteins by adding a terminal glucose residue. Calnexin, a 

lectin, binds preferentially to this terminal glucose linked to the high-mannose moiety of 

N-glycans and helps retain the glycoprotein in the ER until it is properly folded. This is 

one of the most important functions of N-glycans (Kornfeld and Kornfeld, 1985; Stanley 

et al., 2009; Varki, 1998; Vasconcelos-Dos-Santos et al., 2015). 
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Following glucose trimming of the properly folded glycoprotein, N-glycans become 

available for glycosidase reactions in the ER and Golgi. ER and Golgi (cis) mannosidases 

remove mannose residues before being rebuilt into the complex N-glycans common to 

mammalian glycoproteins. The transition between a high-mannose N-glycan and a 

complex-type N-glycan is the addition of a GlcNAc on one arm of the mannose core by 

GlcNAcT1. This transitional glycan structure with a single GlcNAc (which can be 

elongated with the other carbohydrates) and terminal mannose residues on the other arms 

is called a hybrid N-glycan. Upon subsequent addition of GlcNAc residues, the N-

glycans fall into the complex N-glycan category, with each additional GlcNAc 

representing a new glycan branch. Hybrid and complex glycans can be extended on the 

α3 arm with Gal, GalNAc, Fuc and NeuAc. As these GlcNAc branches are added, it is 

common to term the resulting N-glycans bi-, tri-, and tetra-antennary, based on how many 

branches are present. N-Glycans typically develop into structures with at least two 

branches (biantennary) and are built up through the sequential action of Golgi enzymes in 

much the same fashion as O-glycans (Fig-1-8) (Johnson et al., 2013; Kornfeld and 

Kornfeld, 1985; Moremen et al., 2012). N-glycans have many functions beyond protein 

folding, which takes place along the secretory pathway in the cell (Johnson et al., 2013; 

Kornfeld and Kornfeld, 1985; Moremen et al., 2012; Stanley et al., 2009; Varki, 1998; 

Vasconcelos-Dos-Santos et al., 2015).  

An interesting function of N-glycans is that it may carry the sugar determinants 

recognized by selectins with sLex to form a well-known E-selectin ligand HCELL over 

CD44 and subsequent direct circulating cells (leukocytes, HSPCs) to their home 

(Dimitroff et al., 2000; Dimitroff et al., 2001a; Dimitroff et al., 2001b; Sackstein, 2004; 

Sackstein, 2005; Sackstein, 2016). Also most recently biochemical analyses identified a 

class of N-glycans bearing the 6-sulfo sLex L-selectin ligand in high endothelial venules 

(HEV). These N-glycans supported the binding of L-selectin to high endothelial venules 

in vitro and contributed in vivo to O-glycan-independent lymphocyte homing in wild-type 

and mutant mice lacking both core 1 extension and core 2 branching enzymes necessary 

for O-glycans (Alon and Rosen, 2007; Mitoma et al., 2007). 
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Figure  1-8: Schematic representation of biosynthesis and processing of N-linked oligosaccharides 
showing known inhibitors and key targets for inhibition. 

For the N-linked glycosylation pathway, a pre-assembled glycan is transferred from a lipid carrier 
(Dol-p-p) to a nascent protein. The glycan is trimmed and then extended in the Golgi to become one of 3 
different N-glycan structures: high mannose, complex type or hybrid type. All classes share a common 
core, which is introduced in the ER but can be further structurally diversified in the Golgi. Differences in 
branching patterns are also illustrated. Within N-linked glycans, several key glycan epitopes that could bind 
selectins are indicated on the upper left. For example sLex is a ligand for all 3 selectins, Lex can bind P-
selectin and 6-sulfo-sLex can bind L-selectin, whereas N-acetyllactosamine (LacNAc) and poly-LacNAc 
represent minimal glycans for many of the galectins. Inhibitors of N-glycan synthesis include: lipid-linked 
saccharide pathway (LSPi), tunicamycin, castanopermine (Cast), 1-deoxynojirimycin (DNJ), 1-
deoxymannojirimycin (DMJ), swansonine, and indolizidine (Indol). Adopted from reference (Vasconcelos-
Dos-Santos et al., 2015). 

II. O-glycan: 

O-glycans are carbohydrate strutures that are attached to hydroxyl groups of serine 

and threonine residues and are further divided into subgroups depending on the nature of 

the amino acid residue and sugar group involved in the carbohydrate-protein linkage. 
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These types include O-GlcNAc found on nuclear and cytoplasmic proteins (involved in 

signal transduction networks), O-mannose found on α-dystroglycan, O-fucose and O-

glucose found on EGF domains in membrane proteins, O-Gal linked to 5-hyalorunic acid 

found on collagens, O-xylose found on proteoglycans and recently identified O-GlcNAc 

found on extracellular proteins (Chiba et al., 1997; Fukuda, 1994; Hart et al., 1996; 

Lowe, 2005; Shao et al., 2002; Shimizu and Shaw, 1993; Strahl-Bolsinger et al., 1999; 

Wang et al., 2001a; Wang et al., 2001b). One major obstacle in studying O-glycans is the 

lack of a well-defined amino acid consensus motif for O-glycosylation of serine and 

threonine residues in polypeptides but studies suggest that neighbouring proline residues 

enhance the probability of O-glycosylation (Fig. 1-7) (Brockhausen et al., 1996; Gerken 

et al., 2002a; Gerken et al., 2002b; Hanisch and Muller, 2000; Hanisch et al., 1999; 

Hanisch et al., 2001). 

Mucins: 

Mucins are cell-surface or secreted glycoproteins with a large number of sites that 

are rich in serine or threonine O-glycan acceptor sites that may comprise upwards of 80% 

of the molecule by weight along with characteristic, proline-rich peptides, for providing 

extended peptide conformations. Mucins that span the plasma membrane are known to be 

involved in signal transduction, to mediate cell–cell adhesion, or to contribute to 

antiadhesive functions. The first mucin gene to be cloned encoded a transmembrane 

mucin termed MUC1. Mucin-like glycoproteins such as GlyCAM-1, CD34, and PSGL-1 

are less densely O-glycosylated membrane-associated glycoproteins that mediate cell–

cell adhesion (Bennett et al., 2012; Brockhausen et al., 2009; Hanisch, 2001; Rini et al., 

2009). The synthesis of mucin oligosaccharides initiates in the Golgi apparatus after most 

protein folding events have taken place by transferring GalNAc to Ser and Thr residues 

of the mucin core (Bennett et al., 2012; Brockhausen et al., 2009; Jensen et al., 2010). 

The N-acetyl-galactosaminyltransferases (ppGalNAcT) family of enzymes transfers 

GalNAc from UDP-GalNAc to Ser or Thr of the polypeptide (Bennett et al., 1998; 

Bennett et al., 2012). A total of 20 human GalNAc-T gene entries are available, of these 

17 have already been reported in the literature (Bennett et al., 2012; Jensen et al., 2010; 

Shimizu and Shaw, 1993). To date, genetic ablation in mice of individual isoforms has 

failed to expose unique functions for isoforms which might be explained by overlapping 
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substrate specificities and partially redundant expression patterns (Bennett et al., 2012; 

Brockhausen et al., 2009; Jensen et al., 2010; Rini et al., 2009). Eight core structures of 

the mucin O-glycan chain have been identified with core 1-4 glycans being the most 

common core structure mucins. For example, the addition of a Gal residue by β1,3 

linkage yields the Core 1 glycan. Further addition of a GlcNAc residue to the Core 1 

glycan by β1,6 linkage creates the Core 2 glycan (Fig. 1-8) (Bennett et al., 2012; 

Brockhausen et al., 2009; Johnson et al., 2013; Schachter and Brockhausen, 1989). The 

O-GalNAc residues are further processed by the addition of different monosaccharides 

catalyzed by 30 or more distinct GTs that result in the extension of the GalNAc into 

numerous different O-glycan structures. Of the four main core O-glycan structures, the 

core 2 structures constitute the most predominant class. The core 3 and core 4 structures 

are less common and their expression is mainly associated with the digestive tract’s 

mucin-producing tissue. Adding lactosamine structures, and subsequently modifying 

them with fucose, sialic acid and sulphation, leads to the formation of sLex that serve as 

ligands for selectins (Fig. 1-9). The core2 GlcNAcT-deficient mice exhibit a partial 

deficiency in the expression of selectin ligands and a subsequent reduction in neutrophil 

rolling along substrata bearing E-, L-, and P-selectins which also translates in vivo to 

reduced neutrophil recruitment to sites of inflammation (Ellies et al., 1998).  
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Figure  1-9: Major mucin-type O-glycosylation Core 1–4 biosynthetis pathways. 

 One of up to 20 ppGalNAcTs initiates mucin-type O-glycosylation, which may be elongated by the 

activities of Core1β3Gal T and Core2β1,6GlcNAcTs to form core 1 and core 2 O-glycan structures. 

Additional biosynthesis can yield O-glycans, bearing fucose and sialic-acid-containing lactosamines. 

C3GlcNAcTs and C4GlcNAcTs (as well as C2GlcNAcT-II) activities, meanwhile, form core 3 and core 4 

structures. Further O-glycan biosynthesis can yield biantennary forms sometimes similar to those of core 2 

subtypes. Biosynthesis of sLex decoration along with the enzymes involved are also presented.  
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1.2.4.4.4 Diversity in glycan patterns among species. 

Even though protein glycosylation is a relatively conserved process that occurs in 

yeast, plants and animals, the high diversity and extended branching of glycans provide a 

unique carbohydrate pattern fingerprint for each eukaryotic species. For instance, E.coli 

cannot carry out these post translational modifications. On the other hand, eukaryotes 

such as yeast, plants and animals, have different glycosylation patterns. As a 

consequence, these systems can have a high impact on protein expression and 

pharmaceutical research as the advantages of yielding high quantity and low-cost proteins 

using bacterial or yeast production systems are hindered when the protein of interest is a 

glycoprotein. Non-human mammalian expression systems such as Chinese hamster 

ovary (CHO) or mouse myeloma (NS0, SP2/0) cell lines lack the machinery required to 

add complex, human-type glycans. For example, animal cells can also produce 

glycoproteins containing the Gal-α1,3-Gal epitope, which can induce a serious allergenic 

reaction in humans (Baker et al., 2001a; Brooks, 2006; Croset et al., 2012; Galili, 2004; 

Gomord et al., 2005; Rose, 2005; Shahrokh et al., 2011; Swiech et al., 2012; Wong, 

2005). Moreover mammalian cell lines (CHO) lack the expression of α2,6 

sialyltransferase enzyme and as a consequence, terminal sialylation in CHO cells is 

exclusively the α2,3 linkage, in contrast to humans that bear both types of sialylation 

(Butler and Spearman, 2014; Jenkins et al., 1996). Differences in the glycosylation 

machinery of mouse and human HSPCs is the likely reason behind the significantly lower 

amounts of E-selectin binding determinants found in mouse HSPCs compared to human 

CD34+-HSPCs even though a comparable expression of E-selectin ligands (E-selLs) 

exists in both cell types (Martinez et al., 2005; Merzaban et al., 2011). In conclusion, 

expressing glycoproteins outside of their natural systems may have detrimental 

consequences on the physical and functional properties of recombinant glycoproteins and 

may result in studies of these glycoproteins being unreliable. 
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1.2.4.5 Vascular selectin ligands on HSPCs: 

There are a number of selectin ligands that have been investigated on human and 

mouse HSPCs. Below is a review of some of the ligands identified and characterized to 

date.  

1.2.4.5.1 P-selectin glycoprotein ligand 1 (PSGL-1). 

1.2.4.5.1.1 PSGL-1 structure. 

PSGL-1, a mucin-like homodimeric glycoprotein, is the most well characterized 

ligand for selectins. It is expressed by virtually all subsets of leukocytes, hematopoietic 

cell lines (including HL-60 and KG1a) and primitive human HSPCs (CD34+ CD38- 

hematopoietic stem cells) (Carlow et al., 2009; Eto et al., 2005; Guyer et al., 1996; Laszik 

et al., 1996; Levesque et al., 1999; McEver and Cummings, 1997; Snapp et al., 1998b; 

Spertini et al., 1996; Tu et al., 1996; Walcheck et al., 1996). A single cysteine residue 

occurs at position 320 in human and 307 in mouse, within the extracellular domain 

preceding the predicted transmembrane-domain-spanning region. This dimerization is 

important for high-affinity binding to P-selectin (Croce et al., 1998; Leppanen et al., 

2000; Snapp et al., 1998a) and increases the rate of tethering to P-selectin under flow 

(Smith et al., 2004). There are 16 serine/threonine rich decamer repeats with the 

consensus sequence A-T/M-EAQTTX-P/L-A/T in the human protein, while only 10 

decamer repeats with the consensus sequence ETS-Q/K-PAP-T/M-EA exist in the murine 

form. This repeat region is rich in serine, threonine and proline residues, suggesting that 

O-glycosylation of the peptide backbone is conformationally constrained by proline 

residues. These repeats are different in sequence and, actually, the highest homology 

between human and mouse PSGL-1 occurs in the transmembrane (83%) and cytoplasmic 

(76%) domains (Yang et al., 1996). Each subunit of human PSGL-1 contains 70 serine 

and threonine residues in the extracellular domain that are potential sites for O-

glycosylation and three potential sites for N-glycosylation (Sako et al., 1993). The murine 

form also contains many extracellular serine and threonine residues, but only two 

potential N-glycosylation sites (Yang et al., 1996). A diagram, outlining the domains in 

human and mouse PSGL-1 are shown in (Fig. 1-10).  
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1.2.4.5.1.2 Selectin binding determinants. 

Early studies revealed that a special glycoform of PSGL-1, CLA, that was 

recognized by the HECA-452 mAb served as a ligand for E-selectin (Sackstein, 2016). 

Human PSGL-1 binding to P-selectin is dependent on tyrosine sulfation of amino 

terminal residues 46, 48, and 51 and on the presence of the sLex epitope on Thr-57. 

Interestingly, profiling the rolling behavior of the three selectins over mutated PSGL-1, 

where Thr-57 was substituted by Ala, confirmed the critical requirement of core 2 O-

glycans on Thr-57 for mediating P- and L-selectin binding while this structure was 

sufficient for E-selectin binding in of cells (Martinez et al., 2005; Sako et al., 1995; 

Somers et al., 2000).  

The sequence of essential glycosyltransferase action on PSGL-1 is indicated in Fig. 

1-10. After C2GlcNAcT-I branching, variable numbers of lactosamine units (GlcNAc + 

Gal) can be added where it is found that P-selectin binding favored shorter lactosamine 

extension (single) over longer poly-lactosamine extensions structures (Carlow et al., 

2009; Leppanen et al., 2002). A recent study further establishes that the HECA-452 

modifications on PSGL-1 promote E-selectin binding, showing that only HECA-452+ 

PSGL-1 functions as an E-selectin ligand, but both HECA-452+ PSGL-1 and HECA-452- 

PSGL-1 are able to function as P-selectin ligands (Fuhlbrigge et al., 2002). In a similar 

study, Zou et al., interested in defining the interaction of neutrophil-PSGL-1-conjugated 

microspheres to E-selectin, determine that PSGL-1 can bind E-selectin in a non-HECA-

452 manner (Zou et al., 2005).  

1.2.4.5.1.3 PSGL-1 function in HSPCs. 

Until now PSGL-1 appears to be the sole physiological receptor recognized by all 

three selectins on human HSPC (Asa et al., 1995; Merzaban et al., 2011; Sackstein and 

Dimitroff, 2000; Spertini et al., 1996). Genetic-deletion studies revealed that PSGL-1 is 

the major ligand for P-selectin (Levesque et al., 1999; Yang et al., 1999a). Biochemical 

analysis confirmed that PSGL-1 expressing the HECA-452 epitope serves as an E-

selectin ligand on human CD34+ cells and mouse LSK cells (Merzaban et al., 2011). 

Blocking PSGL-1 in E-selectin knockout mice causes a significant reduction in CD34+-

HSPCs rolling interactions in NOD/SCID mice. Interestingly, PSGL-1 deficient mice 
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display significantly delayed leukocyte infiltration in a chemical peritonitis model with 

early defective leukocyte rolling after trauma in vivo as determined by intravital 

microscopy studies in postcapillary venules of the cremaster muscle (Yang et al., 1999a). 

In a comprehensive study comparing known EselLs on neutrophils in vitro (PSGL-1, E-

selectin ligand-1 (ESL-1), and CD44), Hidalgo and his colleagues identified PSGL-1 as 

the maestro in 1) initiating circulating cell thethering, 2) facilitating CD44 arrest ⁄ 

signaling via p38 mitogen-activated protein kinase (MAPK) and 3) L-selectin and PSGL-

1 redistribution and clustering leading to the capture of free-flowing leukocytes on 

endothelium (Hidalgo et al., 2007). PSGL-1 knockout mice suffered from defective 

trafficking of pre-T cells to and out the lymph node as well as naïve CD4+ T-cell out of 

the thymus compared to wildtype, suggesting that PSGL-1 supports T cell egress (Barthel 

and Schatton, 2016; Carlow et al., 2009; Tinoco et al., 2016; Veerman et al., 2012). 

Parabiosis and competitive homing assays revealed that PSGL-1null T-cell progenitors had 

a significant disadvantage in seeding the thymus when competing against wildtype cells 

(Carlow et al., 2009).  

Although several data supporting a significant role for PSGL-1 in E-selectin-

dependent interactions,  other challenging studies  proves that PSGL-1 is not a 

physiological ligand for E-selectin. For instance, pretreatment of human neutrophils with 

a blocking PSGL-1 mAb has no affect on the rate of tethering to E-selectin under fluid 

shear conditions in vitro. This supports early work with the PSGL-1null mouse which 

concluded that PSGL-1 is not required for E-selectin mediated neutrophil rolling in TNF-

α-treated cremaster venules in vivo (Yang et al., 1999b), which contradicted the Xia et al. 

study (Xia et al., 2002). In support of Yang et al., a study also determined that leukocyte 

rolling is not altered in PSGL-1null mice, suggesting that an alternate E-selectin ligand, 

CD44, is responsible for E-selectin-mediated neutrophil extravasation (Katayama et al., 

2005). Besides its well-documented role as an adhesion molecule on mature leukocytes, 

PSGL-1 is a potent inhibitor for CD34+ CD38- primitive HSPCs proliferation when 

ligated with KPL-1 mAb, a function-blocking anti-human PSGL-1 mAb that binds to the 

N-terminal sulfated tyrosine residues essential for PSGL-1 activity (Levesque et al., 

1999; Snapp et al., 1998b). Due to differential expression of glycosyltransferases among 
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bone marrow CD34+ (adult) and UCB-CD34+ (neonatal), PSGL-1 of UCB-CD34+ cells, 

in contrast to adult HSPCs cannot bind P-selectin and showed significantly reduced 

homing to bone marrow (Hidalgo et al., 2002). Although PSGL-1 is primarily known to 

regulate cell migration, PSGL-1 also has a broad potential to regulate a magnitude of 

immune responses (Tinoco et al., 2016). Chronic viral infection of PSGL-1null mice 

generated T cells that, in contrast to those of WT mice, failed to acquire hallmarks of T-

cell exhaustion, and instead developed into robust multifunctional effectors that 

maintained and promoted viral clearance (Carlow et al., 2009; Tinoco et al., 2016; 

Veerman et al., 2012). Thus these studies, identify PSGL-1 as a potent negative regulator 

of T cell function that can be exploited by a chronic virus to restrain effector T cells, 

thereby permitting a persistent infection, while also limiting immune-mediated host tissue 

damage. 
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Figure  1-10: Human PSGL-1 glycosylation requirement for E- and P-selectin binding.  

The figure depicts the vascular selectin binding determinants for the PSGL-1 homodimer structure. 
The PSGL-1 homodimer is composed of N-terminal tyrosine sulphates followed by a long, extended 
glycoprotein backbone that is heavily glycosylated with O-glycans and N-glycans. The essential O-glycan 
modification for P-selectin binding is indicated. A stabilizing disulphide bond is located near the plasma 
membrane and the transmembrane domain and short cytoplasmic tail are also shown. The amino acid 
sequence of the mature protein (with 41-amino-acid signal sequence) is illustrated. The P-selectin binding 
determinant resides on tyrosine sulfate residues shown (SO4) at 51, 48 and 46 aa residue and the crucial 
sLex or polyfucosylated polylactosamines (PFPL) O-glycan modification on Thr-57. E-selectin binds the 
sLex motif. Diagram adapted from reference (Cummings and McEver, 2009). 

1.2.4.5.2 CD44/ hematopoietic cell E- and L-selectin ligand (HCELL). 

1.2.4.5.2.1 CD44 structure. 

CD44 is a polymorphic integral membrane protein that is widely distributed on the 

cell surface of hematopoietic and non-hematopoietic cells (Johnson et al., 2000; 

Lewinsohn et al., 1990). CD44 possesses five conserved positions for N-linked 

glycosylation and multiple sites for O-linked glycosylation are found within the 

hematopoietic or standard form (Lesley and Hyman, 1998). Also, CD44 has at least 18 

alternative splice variant transcripts generated by the addition of 1–10 encoding exons 

might come in different polymorphisms posttranslational modifications of these variant 

exons (Fig. 1-11) (Ghaffari et al., 1999). One primary function of CD44 is binding to 

hyaluronic acid that is regulated by CD44 glycosylation (Aruffo et al., 1990) 

1.2.4.5.2.2 E-selectin binding motif on CD44.  

It is believed that HCELL, a unique glycoform of CD44, is the main contributor of 

E-selectin dependent homing on HSPCs (Dimitroff et al., 2001b; Merzaban et al., 2011; 

Sackstein, 2004; Sackstein, 2011; Sackstein, 2016; Veerman et al., 2012). Further 

biochemical characterization of this distinct glycoform using enzymatic cleavage and 

rolling assays revealed that HCELL possess a HECA-452 reactive sialylated, fucosylated 

epitope, which is needed for L-selectin binding via N-glycans and its activity is sulfation 

independent for E-selectin binding (Fig.1-11) (Dimitroff et al., 2000; Dimitroff et al., 

2001a; Dimitroff et al., 2001b; Sackstein, 2016; Sackstein and Dimitroff, 2000; Sackstein 

et al., 1997). HCELL expression is a found in the early CD34+ subset of human HSPCs, 

blasts from human leukemia and the primitive human hematopoietic cell line KG1a 

(Dimitroff et al., 2001a; Dimitroff et al., 2001b; Sackstein and Dimitroff, 2000). HCELL 
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is considered as the major ligand for L- and E-selectin on HSPCs. Unlike human HSPCs, 

mouse HSPCs lack HCELL expression (Merzaban et al., 2011).  

1.2.4.5.2.3 CD44/HCELL functions in HSPC.: 

HCELL plays a crucial role in controlling neutrophil rolling velocities and further 

inducing the clustering of L-selectin and PSGL-1 glycoproteins once ligated with E-

selectin, which is thought to be induced through p38 MAPK signaling (Hidalgo et al., 

2007). Interestingly, CD44/HCELL-silenced human cells showed striking decreases (> 

50%) in E-selectin binding under physiologic shear conditions whereas enforced HCELL 

expression of Lineage negative Sca-1+ c-Kit+ murine cells using FucT-6 profoundly 

increased E-selectin adherence, yielding > 3-fold more marrow homing in vivo 

(Merzaban et al., 2011). Consistent with this premise, mice lacking CD44 have an 

impaired HSPC mobilization response to granulocyte colony stimulating factor (GCSF) 

(Schmits et al., 1997) and similarly treatment of mice with an anti-CD44 antibody results 

in a modest mobilization of HSPC to the blood (Vermeulen et al., 1998). Finally, 

inhibition of CD44 signaling in human HPC inhibited their homing to the bone marrow in 

NOD/SCID mice. Collectively, these studies suggest that CD44 is a key adhesion 

molecule regulating HSC trafficking in the BM. Glycoengineering HCELL expression on 

a cell that expresses CD44 but is other-wise devoid of all E-selectin ligands like 

mesenchymal stem cell, natively HCELL- and can not migrate to bone marrow, 

significantly enhanced their rolling capability over endothelial selectins in vitro at high 

shear stress as well as homing and extravasation to mouse sinusoid when injected in vivo 

(Sackstein et al., 2008).  
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Figure  1-11: CD44 and E-selectin binding motif (HCELL) structure.  
HSPCs express the standard form of CD44 that lacks any alternative spliced exons. CD44 is the 

scaffold holding the principle E-selectin binding determinant HCELL (sLex decoration on N-glycan that is 
sulfation independent, highlighted). The diagram is adapted from reference (Sackstein, 2016). 

I. Leukosialin (CD43). 

1.2.4.5.2.1 CD43 structure 

CD43 is a major sialomucin expressed by leukocytes (T lymphocytes, granulocytes, 

monocytes and some B lymphocytes) and most cells of hematopoietic origin (Fukuda and 

Tsuboi, 1999). The extracellular domain of both human and mouse CD43 contains >80 

serine or threonine residues which are decorated by O-glycans (an average of 1 attached 

O-glycan/3AAs). CD43 is heavily sialylated, and has a rod-like structure that is predicted 

to extend 45 nm from the lipid bilayer (Cyster et al., 1991; Fukuda, 1991).  

1.2.4.5.2.2 CD43 binding motif.  

CD43 on primary HSPCs as well as neutrophil and T-cells expresses HECA-452 

reactive sialofucosylated determinants clustered on O-glycans to bind E-selectin (Alcaide 
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et al., 2007; Matsumoto et al., 2005; Merzaban et al., 2011). Biochemical studies revealed 

that enzymatic removal of sialic acid or fucose would abolish E-selectin binding (Alcaide 

et al., 2007; Matsumoto et al., 2005; Merzaban et al., 2011). While it is widely known as 

an E-selectin ligand, it is not known to bind P-selectin.  

1.2.4.5.2.3 CD43 function. 

Recently CD43 was suggested to be used as an early marker, along with CD34, 

defining early HPCs (Vodyanik et al., 2006). Several reports suggest that CD43 may play 

a role in regulating apoptosis of leukocytes (Bazil et al., 1996; Bazil et al., 1995; Brown 

et al., 1996; Dragone et al., 1995; Onami et al., 2002; Ostberg et al., 1997; Priatel et al., 

2000; Todeschini et al., 2002). Another well studied function of CD43 is its anti-

proliferative function in T cells, which is dependent upon its cytoplasmic tail (Manjunath 

and Ardman, 1995; Manjunath et al., 1995; Walker and Green, 1999). In addition, 

treating CD34+ HSPCs with a function blocking CD43 antibody (Ab) induces apoptosis 

where multipotential progenitors (CFU- GEMM) and erythroid progenitors (BFU-E) 

were substantially more sensitive to CD43-induced apoptosis than were myeloid 

progenitors (CFU-GM) (Bazil et al., 1995).  

CD43 is also implicated in the control of cell-cell interactions, although its precise 

role in adhesion is still under debate. It is proposed to have a dual function in controlling 

cell-cell interactions: an adhesive role, based on data that there may be CD43-specific 

ligands, and an anti-adhesive role, based on evidence that CD43 acts as a barrier 

molecule (Drew et al., 2005; Ostberg et al., 1998). The high negative charge of CD43 and 

signaling through the cytoplasmic domain is thought to contribute to an anti-adhesive 

effect on leukocyte recruitment (Ardman et al., 1992; Manjunath et al., 1995; Walker and 

Green, 1999). Moreover, CD43 deficient mouse cells show enhanced homotypic 

aggregation in a divalent cation dependent manner in vitro as well as decreased leukocyte 

rolling velocities in cremaster muscle venules as assessed by intravital microscopy in an 

in vivo mouse model of inflammation (Drew et al., 2005; Manjunath et al., 1995; 

Matsumoto et al., 2008). In contrast, CD43 is also well known as a pro-adhesive E-

selectin ligand on primitive CD34+ HSPCs in human, Lineage negative Sca-1+ c-Kit+ 
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HSPCs in mice as well as neutrophils and activated T cells (Alcaide et al., 2007; 

Matsumoto et al., 2005; Merzaban et al., 2011). Interestingly, CD43 serves as an E-

selectin ligand on PSGL-1 deficient neutrophils and substancially contributes to the 

rolling of these cells both in vitro and in vivo (Alcaide et al., 2007; Matsumoto et al., 

2008). In addition, CD43 deficient mast cells exhibited impaired peritoneal repopulation 

in a peritonitis model (Drew et al., 2005). Together, the hypothesis is CD43 regulates 

adhesion through a combination of its characteristic large size and highly negative 

charge, which contributes a steric interferance that inhibits cell-cell contact and masks 

integrin function (Drew et al., 2005). 

1.3 Dissertation objectives: 
The overall goal of the current work presented in this dissertation is to understand the 

molecular details of HSPCs homing and engraftemnt through: 1) The complete 

identification and characterization of E/P-selectin ligands expressed on CD34+ HSPCs; 2) 

To study the efficiency and the contribution of each endogenously expressed selectin 

ligands on human HSPCs through developing a more reliable real-time assays to 

quantitatively measure the adhesion kinetics and contribution of each endogenously 

expressed selectin ligand in their nature expression system and its role to the overall 

selectin binding of hematopoietic cell tethering and rolling.  
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Chapter 2 :Experimental Procedures. 

Materials: 
Antibodies, Proteins and Enzymes − The following antibodies were purchased from 

BD Pharmingen: Anti-human CD44 (clone 515, mouse IgG1), anti-human/mouse CD44 

(IM7, rat IgG2b), anti-human PSGL-1 (KPL-1, mouse IgG1), function blocking mouse 

anti-human E-selectin (HAE-1F; IgG1), rat anti-human sLex (HECA-452; IgM), mouse 

anti-human CD43 (1G10; IgG1), mouse anti-human CD34 (563; IgG1), mouse anti-

human Alexa Fluor 680, Streptavidin Alexa Fluor 488, mouse IgG1 isotype, mouse IgG2a 

isotype, mouse IgM isotype, rat IgG isotype, rat IgM isotype, and human IgG1 isotype. 

FITC-labeled anti-mouse IgGs (IgG1, IgG2a, and IgG2b), and HRP-labeled anti-mouse 

IgG antibodies. Anti-human CD44 antibodies (BJ18, mouse IgG1; Hermes-3, mouse 

IgG2a) are from BioLegend and Abgene, respectively. Anti-human CD44 (A3D8, mouse 

IgG1), and anti-mouse IgG isotype antibodies are from Abcam. The following clones of 

CD34 antibodies were used: The class 2 glycoprotease-sensitive CD34 mAb, QBend-10 

(Novus Biologicals), is sensitive to removal of O- or N-linked glycans on CD34 and is 

routinely used to detect the efficiency of glycan removal (Dimitroff et al., 2001a; Mir et 

al., 2009)., mouse mAb against class 3 (4H11, Exbio Praha Antibodies; 581, Novus 

biologica) and antibodiesagainst the C-terminus of CD34 (C-18, Santa Cruz 

Biotechnology INC) (EP373Y, rabbit IgG) that recognizes the CD34 protein’s C-

terminus regardless of the glycosylation status. The following antibodies and 

recombinant proteins were purchased from R&D Systems: Recombinant mouse E- and P-

selectin/human Ig chimera (dE-selectin, dP-selectin), recombinant human CD44 (purified 

from NSO cells, a Mouse myeloma line that lacks the necessary glycosylation machinery 

to create sLex, rH-CD44) (Baker et al., 2001b; Hossler et al., 2009), anti-CD44 (2C5, Ms 

IgG2a) and anti-CD43 (Goat IgG). The following secondary antibodies were purchased 

from Southern Biotech: rabbit anti-human IgG-biotin, goat anti-mouse IgM-PE, goat anti-

rat IgG-PE, goat anti-mouse Ig-biotin, goat anti-rat Ig-HRP, and goat anti-human Ig-

HRP. The Vybrant ® Lipid Raft Labeling kit was purchased from ThermoFisher 

scientific. 

 



62 

 
Enzymes: O-sialoglycoprotease was from Cedarlane Laboratories; Vibrio cholerae 

neuraminidase from Roche and PN-glycosidase F were purchased from New England 

Biolabs. Aerobacter aerogenes sulfatase (Arylsulfatase) and bromelain (from pineapple 

strain) were purchased from Sigma Aldrich. All reagents used in SPR analysis were 

purchased from GE Healthcare unless otherwise stated. 

Cell culture. 

Cells used in experiments presented in Chapter 3 and Chapter 4 of the current 

thesis are as following: 

The human cell line KG1a (human acute myelogenous leukemia; serves as HSPC-

like (CD34+) model cell line), THP-1 (acute monocytic leukemia) and HL-60 (acute 

promyelocytic leukemia) cell lines were purchased from ATCC and were cultured in 

RPMI 1640 supplemented with 10% FBS (GIBCO) and 100 U/ml penicillin/streptomycin 

(Invitrogen). A transgenic chinese hamster ovary cell (CHO) cell line stably expressing 

either full-length mouse E-selectin (CHO-E) or empty plasmid only  (CHO-Mock)] was 

established in our laboratory by transfecting pEFdest51-based expression plasmid 

followed by blasticidin selection, isolation, and was maintained as described previously 

(Dimitroff et al., 2001a; Sackstein and Dimitroff, 2000). 

Primary human CD34+ HSPCs harvested from Umbilical Cord Blood (CD34+-UCB), 

healthy bone marrow (CD34+-bone marrow), AML derived bone marrow (from patients 

with newly diagnosed or relapsed AML; AML bone marrow-CD34+) or the mononuclear 

fraction of whole bone marrow were purchased from ALL CELLS (Alameda, CA, 

USA; www.allcells.com).  

For HSPCs isolation, cells from human bone marrow were washed and filtered 

through a 100µm cell strainer (BD Falcon) prior lineage depletion by negative selection 

using the lineage cell depletion cocktail mAbs from Miltenyi Biotec combined with CD7 

antibody (marker for lymphoid cells that are often found in the CD34- fraction, 

eBioscience). The lineage depleted fraction was then stained with the following mAbs: 

FITC anti-human CD38 (IB6,), APC anti-human CD34 (AC136, Miltenyi Biotec) at ratio 

of 10µl mAbs /1X107 cells, analysed and sorted on a fluorescence-activated cell sorter 

(BD InfluxTM, Becton Dickinson).  

http://www.allcells.com/
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Fluorescent labelling approaches: 

I. Flow Cytometry:  

Aliquots of cells (2 x 105 cells) were washed with PBS containing 2% FBS and 

incubated with primary mAbs or with isotype control mAbs (either unconjugated or 

fluorochrome conjugated). The cells were washed in PBS containing 2% FBS and, for 

indirect immunofluorescence, incubated with appropriate secondary fluorochrome-

conjugated antibody to isotype antibodies. After washing cells, fluorescence intensity was 

determined using a FACS Canto (Beckman Dickenson). For dE-selectin (10μg/ml) 

staining, chimera buffer (HBSS/5mM HEPES/2mM CaCl2/5%FBS) was used for all 

incubations, dilutions and washing. The secondary antibody used for detection of dE-

selectin was a biotinylated anti-human IgG (1:200 dilution in chimera buffer) followed by 

streptavidin-PE (5μg/ml) in chimera buffer. As a control for dE-selectin staining, 20mM 

EDTA was added to the chimera buffer. 

II. Immunofluorescence Analysis: 

KG1a cells were cultured overnight on poly-L-ornithine-coated coverslips 

(Invitrogen). Attached cells were treated or left untreated with dE-selectin chimera (10 

μg/ml) for 1h at 37oC then washed three times with washing buffer (PBS containing 5% 

normal goat serum). For Choleratoxin-β stain, Cells were incubated with Choleratoxin-β 

subunit (CTB, 10 µg/ml) for 30 min, washed, crosslinked with anti-CTB for 30 min on 

ice, then fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. After 

fixation cells were blocked with blocking buffer (PBS containing 10% normal goat 

serum, 2% BSA) and double immunostained with recombinant recombinant dE-selectin 

(10 µg/ml) and anti-CD44 mAb (515, 5 µg/ml) or CD34 anti-CD34 mAb (QBend-10, 5 

µg/ml) in blocking buffer for 2 h at room temperature. The cells were washed and 

incubated with appropriate Alexa Fluor 488 anti-human IgG and Cy-5 anti-mouse IgG -

conjugated secondary antibody (Ab) at 20 μg/ml for 30 min at 4 °C. The cells were 

mounted on glass slides in clearmount mounting solution (Invitrogen). Images were 

analyzed using a Zeiss LSM 710 Axio confocal microscope with a 100× oil immersion 

lens. Images were analyzed for co-localization using ImarisV7 software (coloc tool). The 
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images shown are representative of at least 2 experiments with 7 images taken per slide. 

Cell surface labeling with secondary Ab or isotype control served as a background 

control.  

Cell lysis, immunoprecipitation (IP), and western-blot:  

 Whole cell lysates were prepared by membrane disruption using 1% Triton X-100 in 

150 mM NaCl, 50mM Tris-HCI, pH 7.4, 5 mM EDTA, 20 μg/ml PMSF, 0.02% sodium 

azide, and protease inhibitor cocktail tablet (Roche Molecular Biochemicals, 

Indianapolis, IN). For IPs using dE-selectin, lysates were made using lysis buffer 

containing 2mM CaCl2 but lacking EDTA for 1 hour at 4oC. The insoluble materials 

were cleared by centrifugation at high speed for 30 min at 4 °C. The lysate was pre-

cleared three times (20 min each) with Protein G Agarose and then incubated with 3 µg 

of Ab of interest for 2 h at 4 °C. The lysate and Ab mixture was added to 50 µl of clean 

Protein G Agarose beads (the beads were pre-washed three times with lysis buffer 

containing 2% BSA and 3 times with lysis buffer). The mixture was then incubated for 4 

h at 4 °C under rotation (1400 rpm) and washed three times in lysis buffer containing 2% 

BSA, three times in lysis buffer diluted with NuPAGE® LDS sample buffer (2X) 

(Invitrogen) and β-mercaptoethanol (10 mM, Fisher) and heated for 10 min at 70 °C. For 

comparison of E-selectin ligand contribution(s) of CD34, PSGL-1, CD43, and CD44 

within a given cell population, exhaustive IPs were performed for each product within a 

respective lysate. Supernatants from each round of antibody–lysate incubation were 

reincubated with the subsequent antibody in the series (3 μg of antibody in each of three 

rounds) and IPs from each round were prepared as described above. Between each 

antibody treatment, two rounds of protein G-agarose beads were used to remove any 

potential antibody residual from the previous IP treatment; western-blot of these samples 

yielded no signal with any antibody sequences tested, suggesting that the prior IP was 

complete with no residual antibody. For western-blot analysis, resultant proteins were run 

on a 4-20% SDS/PAGE gradient gel and transferred to an immune-blot PVDF membrane 

(Bio-Rad), blocked with 5% non-fat milk in buffer containing TBST, 10 mM HEPES and 

2 mM CaCl2. Membranes were immune-stained with 1 µg/ml of recombinant dE-selectin 
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chimera or the primary Ab of interest followed by incubation with the appropriate HRP-

conjugated secondary Ab. Blots were visualized by chemiluminescence using 

SuperSignal* West Pico Chemiluminescent Substrate (Thermo scientific).  

Enzyme treatment:  

Either IP or whole cell lysates at a density of (1x107 cell/100 µl) for SPR analysis 

were treated with the following enzymes: in order to remove N linked-glycoprotein, 

membrane proteins were treated with Peptide: N-Glycosidase F (PNGaseF, 8 U/ml for 4 

h) diluted with 50 mM Phosphate buffer (G7) and 1% NP-40. To study mucin 

contribution in E-selectin binding, O-sialoglycoprotin endopeptidase (OSGE) was 

applied at 240 µg/ml for 4 h. To investigate the role of sialic acid in selectin binding, IP 

or whole cell lysates were treated with 0.2 U/ml of Vibrio cholerae neuraminidase for 3 

h. For sulfation inhibition, 5x105 cells/ml were incubated in regular medium containing 

150 mM sodium chlorate (inhibits the formation of 3’- phosphoadenosine 5’-

phosphosulfate (PAPS), main sulfate donor) for 72 h (Ishizuka, 1997 #2681). For 

tyrosine de-sulfation, CD34 IP was treated with Arylsulfatase (5U/ml) for 3 h. Successful 

treatment was confirmed using PSGL-1 mAb (KPL-1), which recognizes only sulfated 

epitope (Snapp et al., 1998b). For each enzyme digestion, lysates and IPs were treated 

with the same buffer/condition without enzymes treatment as a control. Lysates were 

protected from degradation by protease inhibitor cocktail from Roche and PMSF (1mM). 

All treatments were done at 37oC. 

Mass spectrometry (MS) analysis of cognate E-selectin ligands 

expressed on human HSPCs: 

Recombinant E-selectin-Ig chimera (dE-selectin) was used to IP potential ligands for 

E-selectin from lysates of human HSPCs. Proteins that bind dE-selectin were then 

identified by MS. Briefly, dE-selectin IP samples were separated on 4-20% SDS-PAGE 

gels and protein bands were visualized by Simply Blue Safe Stain (Invitrogen). These 

bands were then reduced, alkylated and digested in the gel with sequencing grade 

modified trypsin (Promega) and the resulting peptides were extracted using buffer A: 5% 
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acetonitrile (VWR), 95% water, 0.1% formic acid (Sigma-Aldrich). Following extraction, 

peptides were dried to approximately 1μl sample volumes using Speed Vacuum, 

fractionated by nano-flow LC and analyzed using a LTQ Orbitrap MS (Thermo 

Scientific). Raw data was converted to Mascot Generic Format files and searched using 

the online Mascot database.  

siRNA knockdown of CD34:  

CD34 siRNA was predesigned by Ambion silencer select (Applied Bioscience). For 

each nucleofection, 1x107 cells were pretreated with bromelain (500 µg/ml) for 20 min at 

37oC, washed twice with PBS then gently re-suspended in SE buffer mix (Amaxa) with 

500 nM of CD34-targeting or non-targeting control (scrambled vector) and pulsed with 

the program EO-100 using 4D-Nucleofector system (Amaxa). CD34 expression in CD34-

siRNA and scrambled-nucleofected cells was monitored routinely after 48-72 hours to be 

eligible for experimental use. Results reported here are for the scrambled-nucleofected 

cells as the negative control for all experiments.  

Hydrodynamic Flow Analysis of selectin ligand binding : 

I. Stamper-Woodruff assay: 

CD34 IPs from human bone marrow-CD34+ cells (3.3 x 105 cells) were diluted in 

sample reducing buffer, boiled for 10 min at 70oC, spotted onto glass slides and allowed 

to dry at room temperature. Spots were then fixed with 3% glutaraldehyde. Unreactive 

aldehyde groups were blocked with 0.2 M L-lysine then slides were incubated in RPMI 

1640, 5mM CaCl2 and 2% FBS till the analysis. CHO-E or CHO-P cells were overlaid 

onto these fixed IP and incubated on an orbital shaker at 80 rpm for 30 min at 4 °C. The 

number of adherent cells was quantified by light microscopy using an ocular grid under × 

20 magnification (a minimum of 8 fields/slide, two slides/experiment from 1 

experiment). CD34 IPs from KG1a cells were used as a positive control. Nonspecific 

adhesion was assessed by flushing CHO-E or CHO-P cell suspensions suspended in same 

buffer but by adding 5mM EDTA.  



67 

 
II. Parallel plate flow chamber: 

CHO-E cells were cultured over fibronectin coated dish to reach a 80% confluency. 

Control cells (Scrambled) and CD34 knockdown (CD34-KD) was done by performing 

nuclefection using CD34 and scrambled siRNAs. Further, KG1a cells were suspended at 

1x106 cells in in HBSS with 10mM HEPES and 2mM CaCl2 and perfused over the CHO-

E cells monolayer at 0.3 dyne/cm2 for 60s followed by stepwise increases every 15s to a 

maximum of 4.2 dynes/cm2 as previously described in (Wiese et al., 2009). Specificity 

for E-selectin binding was confirmed by the observed binding elimination of after 

treating the cells with a function-blocking mAb to E-selectin (HAE-1F, 10 µg/ml) for 1h 

at 4oC. 

III. Blot rolling assay:  

The blot rolling assay was used to detect selectin-binding activity of human HSPCs 

(KG1a model) using membrane proteins resolved by SDS-PAGE. This assay has been 

described previously (Fuhlbrigge et al., 2002; Sackstein and Fuhlbrigge, 2009). Briefly, 

western-blots of immunoprecipitated CD34, CD44, CD43 and PSGL-1 membrane 

proteins were stained with anti-CLA (HECA-452) and the membrane was rendered 

translucent by immersion in DMEM with 10% glycerol. CHO-E cells were re-suspended 

(5x106/mL) in DMEM containing 2mM CaCl2 and 10% glycerol. The blots were placed 

within a parallel plate flow chamber, and CHO-E, CHO-P and CHO-Mock cells were 

perfused at 0.25 dyne/cm2, with an adjustment in the volumetric flow rate made to 

account for the increase in viscosity due to the presence of 10% glycerol in the flow 

medium. Molecular weight markers were used as guides to aid placement of the flow 

chamber over stained bands of interest. The average number of interacting cells /field 

quantified by 20 X ocular lens magnification from a minimum of 4 fields/membrane of 7 

independent experiments was compiled into an adhesion histogram. Nonspecific adhesive 

interactions were assessed by adding 5 mM EDTA to the flow medium containing the 

CHO-E and CHO-P cell suspensions (which eliminates divalent cation-dependent E-

selectin adhesion). CHO-Mock cells were used to assess non-specific adhesive 

interactions of CHO cells on each glycoprotein studied; the observed binding interactions 
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were used to establish the background levels of binding and only binding above this 

threshold was reported for CHO-E and CHO-P cells.  

For single-cell tracking, images were acquired at one frame per second in avi format 

and then converted to TIFF format. The background was subtracted and the contrast was 

enhanced using ImageJ. The processed TIFF files were imported into Imaris V7 software 

(Bitplane) for tracking rolling cells. The cells were treated with a ‘spot’ function in the 

‘Surpass’ menu and the centroid position was determined using both the minimum 

diameter of the cells (10 µm) and their minimum threshold intensity. The accuracy in 

determining the centroid position of the cells as a result of Brownian motion was 

determined using cells that were stuck on the surface (N = 17) and was found to be 10 ± 4 

μm. The clustered cells or those that remained in the field of view for less than 4s were 

eliminated and the rest of the cells were tracked using an “autoregressive motion 

algorithm” and their position coordinates were extracted as an excel file. The 

displacement in the X and Y direction were separated and normalized using custom 

matlab code. The X-Position of each rolling cell (parallel to the flow) vs. Time was 

plotted on Origin-Pro. Displacements greater than the standard error in determining the 

cell centroid position (4 μm) within four acquisition data points (4s) were considered as 

rolling events and those that were less were considered as adhesion events. 

Displacements that were more than 30 μm/s (3x the minimum diameter of the cell) were 

not considered, as they were likely to arise from imperfection in the membrane. The 

velocity Vx (µm/sec) was calculated by fitting the slope of only the moving phase of the 

rolling cells, i.e., the adhesion phase where the cells did not move was not included and 

was considered to mark a new cell rolling event, with a linear fit on Origin-Pro and the 

average velocity for each condition calculated from the average of the slopes. The 

average distance traveled by the cells at each condition corresponds to the average of the 

distances traveled during the moving phase of the rolling cells. 

IV. Surface plasmon resonance (SPR) 

SPR binding experiments were performed using a Biacore T-100 system (GE 

Healthcare) at 25 °C. The system and flow cells were washed with the corresponding 

running buffer (filtered with 0.2 µm filter and degased) by conducting two priming steps. 
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Immobilization of mAbs on a carboxy-methylated (CM5) dextran sensor chip was 

performed using an amine coupling kit (BIAcore) and in accordance with the 

manufacturer’s instructions. Briefly, the immobilization steps were performed in HBS-EP 

buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 0.005% surfactant P20). A CM5 chip 

was activated with a 7 min injection of a 1:1 ratio mixture of N-hydroxysuccinimide 

(NHS) (0.1 M) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC) (0.4 M) at a flow rate of 5 µl/min. The mAb was then injected at a concentration 

of 20 µg/ml in 10 mM sodium acetate buffer (pH 5.0) at a flow rate of 10 µl/min to reach 

an immobilization level between 4000-8000 Response Units (RU). The surface was then 

deactivated using 7 min injection of 1 M ethanolamine hydrochloride at a flow rate of 5 

µl/min. In the case of HL-60 and THP-1 cell lysates, the lysates were incubated with FcR 

blocking reagent (15 µl/3x107 cells) for 1h at 4oC to minimize nonspecifically interacted 

materials on the lysate with anti-MsIgG2a isotype control. The exact RU for each 

immobilized mAb is specified in the text and/or corresponding figure legends. A control 

flow cell that was immobilized with an equal amount of the mAb-corresponding istotype-

control was used to correct for the buffer’s bulk refractive index and nonspecific 

interactions with the surface and with the mAb. Analysis of nonspecific interactions with 

the CM5 surface was performed with a flow cell that underwent the same immobilization 

procedure but without the Ab. Further binding experiments were performed at a standard 

flow rate of 20 µl/min, unless otherwise specified, in the running buffer (1% Triton X-

100, 50 mM NaCl, 50 mM Tris-base (pH 8.0) and 1 mM CaCl2). Whole cell lysates were 

prepared as described above, cleared by centrifugation and injected over the immobilized 

Abs for a standard time of 500 sec, unless otherwise specified. The flow cells were 

washed with running buffer for a standard time of 3 min, unless otherwise specified, to 

remove nonspecifically mAb-bound proteins.  

 

Reciprocal SPR binding experiments were performed similar to that described above 

except that dE-selectin (13000 RU) was immobilized on the CM5 chip while purified 

CD44 (from KG1a lysate; 1150 nM) was introduced in flow. A blank flow cell was used 

as control to correct the buffer’s bulk refractive index and nonspecific interactions with 

the surface.  
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In order to determine the purity of captured ligands, i.e. CD44 or CD34, a CD44/ 

CD34 recovery experiment was performed on a CM5 chip with three-flow cells 

immobilized with CD44 (515)-mAb and the fourth immobilized with the MsIgG1 

isotype-control. The experiment was conducted in accordance with the recovery method 

in the Biacore T-100 software. Briefly, KG1a lysate was injected at 20 µl/min for 600 s 

followed by a buffer washing step for either 1 or 5 minutes at 20 µl/min (the same flow 

rate as that used in the binding experiment). The captured proteins were incubated for 30 

min with buffer containing 1% Triton X-100, 50 mM NaCl, 50 mM Tris-base (pH 8.0) 

and 5 mM EDTA and subsequently eluted in a total volume of 10 µl. The cycle of CD44 

binding and elution was repeated five times and the total sample was analyzed by 

western-blot as described above (without the protein G beads and the associated washing 

steps). 

 

dE-selectin was injected at a standard concentration of 177 nM (diluted in the 

running buffer) for a standard time of 130 sec, unless otherwise specified. The standard 

regeneration step for removing the bound dE-selectin was a 130 s injection of running 

buffer containing 1 M NaCl at a flow rate of 45 µl/min. The regeneration condition in the 

PNgase, OSGE and sialidase treatment study included, in addition to the standard 

regeneration step, an extra step to remove the bound CD44/CD34 from the CD44 

mAb/CD34 mAb by washing with running buffer for 1 h. This regeneration procedure 

was effective in the case of CD44 (515), and CD34 (4H11) which tended to have lower 

affinity to their ligands in our experiments. However, in the case of CD44 (Hermes-3), 

which bound with higher affinity to specific CD44 glycoforms, increased washing times 

were required. As a result, experiments were performed beginning with the enzyme-

treated lysates since only minimal (to no) binding of CD44 to dE-selectin was observed. 

 

Data analysis was performed using Biacore evaluation software. When sensogram 

normalization was applied to even out the difference in the level of mAb-captured ligand 

among different flow cells and/or different lysate injections, the entire sensogram was 

multiplied by a normalization factor that was defined based on its relative RU just prior 
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to dE-selectin injection to the RU in the flow cell with the highest accumulated ligand. 

The relationship between the amount of immobilized proteins (RUligand), the bound 

protein (RUanalyte) and their stoichiometry were calculated based on equation (1): 

 

RU𝑙𝑙𝑙𝑙𝑙𝑙 = RU𝑙𝑙𝑙𝑙𝑎𝑎𝑎x � ligand molecular weight 
analyte molecular weight

 x valency𝑙𝑙𝑙𝑙𝑙𝑙�   (1) 

 

Note that the calculated ligand and analyte molecular weights are based on apparent 

molecular weight determined by SDS-PAGE gel electrophoresis. 

 

The determination of the equilibrium dissociation-binding constant, KD, was 

performed simultaneously on immobilized CD44 (Hermes-3), CD34 (563), CD43 

(polyclonal Ab from R&D) and PSGL-1 (KPL-1). KG1a lysate was injected at a flow 

rate of 30 µl/min for 700 sec. dE-selectin was injected at different concentrations in a 

sequence of low to high concentrations and with no regeneration step between subsequent 

dE-selectin injections at a flow rate of 30 µl/min for 130 sec. A 60 s buffer-washing step 

was performed at the end of each dE-selectin injection. The maximum RU reached prior 

to the start of the wash with buffer (RUmax), where a steady-state condition was nearly 

met, were blotted against the dE-selectin concentration and fitted using the steady-state 

model provided by the Biacore evaluation software to determine the KD value. The 

dissociation rate constant (koff) of the mAb/captured-ligand complex or the apparent 

dissociation rate constant (koff-apparent) of the interaction of mAb/captured-ligand with dE-

selectin from a single concentration-type binding study was calculated by fitting the 

stable phase in the buffer washing step using the Biacore evaluation software. For 

calculating the activity of the surface-immobilized ligand to bind dE-selectin, we used 

equation (1) to calculate the theoretical RUmax and compare it with that obtained 

experimentally from the binding isotherm. 

Statistical Analysis: 

 Data are expressed as the mean ± standard error of the mean Statistical significance 

of differences between means was determined by one-way ANOVA. If means were 
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shown to be significantly different, multiple comparisons were performed post-hoc by the 

Tukey t-test. Statistical significance was defined as p<0.05.  
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Chapter 3 :Development of a new approach to measure the binding kinetics of 

selectins with endogenously expressed native ligands. 

 
This chapter has been published as: 
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21213-21230. 
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3.1 Introduction: 

Interactions of selectins with the cell-surface glycoconjugate, sLex, on proteins 

mediates the first essential step in the adhesion and signaling cascade that recruits 

circulating cells to tissues/organs. E-selectin is upregulated on the vasculature in many 

inflammatory conditions; it is also, under normal physiological conditions, constitutively 

expressed on the surface of bone marrow endothelium where it serves as a key adhesion 

molecule required for the recruitment of circulating HSPCs to the bone marrow (during 

bone marrow transplants as well as under normal steady-state scenarios).  

A number of different E-selectin glycoprotein ligands have been identified on human 

and mouse cells. To be functionally classified as a selectin ligand, the glycoprotein 

should fulfill several criteria including the capacity to support rolling and also gene 

deletion/silencing studies and/or blocking monoclonal antibodies (mAb) against specific 

ligands should impair selectin-mediated functions on intact cells (i.e., rolling). To date, 

mAbs for glycoproteins that block their binding to E-selectin have not been identified, 

which has significantly hindered the ability to test the physiologic functions of candidate 

E-selectin ligands on human cells, such as hematopoietic stem/progenitor or leukemic 

cells, where gene knockout and gene silencing methods are less feasible. The importance 

of each one of these ligands to the interaction with E-selectin in human cells is thus 

debatable and requires additional attention and methodologies to advance their specific 

involvement. Understanding the mechanism by which selectins interact with their 

cognate ligands to complete this task is primarily being studied using the conventional 

techniques described below. 

3.1.1 Static binding assays: 

3.1.1.1 Co-localization using fluorescent labeling: 

In this study, we used the well-established E-selectin ligand, HCELL (Dimitroff et 

al., 2001b; Sackstein, 2011; Sackstein, 2016; Sackstein and Dimitroff, 2000), a widely 

expressed cell adhesion glycoprotein on HSPCs is used as a model ligand to develop and 

examine the performance of our SPR-based-immunoprecipitation (IP) method. KG1a, a 

human AML-derived HSPC-like CD34+ cell line, cells used as HSPCs model in all 

experiments. We observed that human KG1a cells express high-levels E-selectin ligand 
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activity as assessed by flow cytometric analysis using recombinant (E-selectin human 

IgG chimeric protein = dimeric, d) dE-selectin as a probe in flow cytometry (Fig. 3-1A). 

Dual immunostaining of KG1a cells with CD44 (red) and recombinant E-selectin (dE-

selectin) showed a distinct co-localization of CD44 and E-selectin ligand activity on the 

overlapped image (Orange) (Fig. 3-1B) using confocal microscope. However, the direct 

interaction between CD44 and E-selectin cannot be fully estimated by these 2 

approaches. 

 

Figure  3-1. Co-localization of E-selectin with its ligands using fluorescent labeling.  
(A) Representative flow cytometry histograms of KG1a cells stained for the expression of CD44 (left) 

and the binding of dE-selectin. A dot plot showing KG1a cells dual stained for CD44 and dE-selectin is 
shown on the right. Dotted curves show isotype (for CD44) and EDTA (20 mM; for dE-selectin) controls 
and shaded curves show specific binding. (B) KG1a cells were dual immuno-stained with CD44-mAb (red, 
left) and recombinant dE-selectin (green, middle) and in the merged image, colocalization of both CD44 
with dE-selectin is shown (orange, right). Cell surface labeling with isotype-control or secondary antibody 
alone served as a background control (data not shown). 
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3.1.1.2 Western-blot based immunoprecipitation studies 

Ideally, the in vitro characterization of direct E-selectin interactions with its ligands 

would comprise a pull-down of proteins in their native post-translationally modified form 

(often achieved through immunoprecipitation (IP) using monoclonal antibodies (mAbs)) 

with recombinant proteins using western-blot (Fig. 3-2). However, IP from cell lysates 

has several limitations. First, long incubation times of the cell lysate with the antibody are 

required to enhance the ligand’s capturing efficiency, which assumes the protein stability 

in the lysate is maintained although this may not be the case. Second, extensive washing 

steps with buffer to remove nonspecifically bound proteins bias the IP to detect 

biomolecular interactions among stably bound proteins, resulting in the potential loss of 

important mechanistic information provided by weak or transient interactions that may 

exist. Third, the affinity and capturing efficiency of the mAb might be influenced by 

different post-translational modifications posing a challenge to IP-based comparative 

approaches. Lastly, western-blot-based-IP binding studies do not provide quantitative 

measurements of binding kinetics, making it difficult to provide head-to-head 

comparisons of different ligands binding to a specific protein receptor. 

 

 
 

Figure  3-2. Western-blot based-IP analysis of E-selectin ligands. 
CD44 was immunoprecipitated from KG1a cell lysate. The captured proteins were run on a 4−20% 

SDS-PAGE gradient gel and transferred to a PVDF membrane for western-blot analysis. The membrane 
was then blotted with dE-selectin (right panel) or CD44 mAb (left panel) followed by isotype-matched 
HRP conjugated antibody for visualization.  
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3.1.2 Hydrodynamic flow based analysis of selectin ligand binding: 

1.3.1.1 Parallel plate flow chamber based assays (for intact cells):The parallel-plate 

flow chamber apparatus employs digital visualization and NIS-Elements software to 

analyze adhesion events in real time including rolling frequency, shear resistance and 

binding/tethering efficiency accompanied by digital visualization with NIS-Elements 

software. In brief, CHO cells expressing either P-selectin (CHO-P) or E-selectin (CHO-

E) were grown in confluent monolayers on petri-dishes coated with fibronectin to mimic 

the bone marrow endothelium and then suspended cells of interest are drawn through the 

chamber at various flow rates corresponding to shear stresses below and above 2 

dynes/cm2 with a syringe pump (Harvard Apparatus). Cell rolling is observed using an 

inverted-phase contrast microscope (Nikon) and captured using NIS-Elements software. 

Multiple random fields are captured and calculations such as the total number of rolling 

cells and velocity are determined using the software (Fig. 3-3). This assay was 

established many years ago to study dynamic adhesive interactions and was enhanced in 

recent years (Chan and Watt, 2001; Wiese et al., 2009). The absence of monoclonal 

antibodies against glycoproteins that block binding to E-selectin has significantly 

hindered researchers ability to test the physiologic functions of candidate E-selectin 

ligands on human cells, such as hematopoietic stem/progenitor or leukemic cells, where 

gene-knockout and gene-silencing methods are less feasible. For purposes of this work, 

this assay was used to compare the influence of knockdown of E-selLs using SiRNA / 

ShRNA to the tethering and rolling behavior of HSPCs such as rolling velocities, 

numbers of adhesive interactions and duration of interactions with the endothelium. 
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Figure  3-3. Parallel plate flow chamber set-up.  

Inverted microscope, Harvard Syringe Pump, computer/camera and parallel-plate flow chamber are 
organized as shown to visualize tethering and rolling (mediated by selectins) and firm adhesion (mediated 
by integrins and chemokines) of human HSPCs (ShRNA knockdown of E-selLs in human Kg1a cells) on 
E-selectin transfected CHO-E cells. Adopted from reference (Wiese et al., 2009). 

 

1.3.1.2 Blot rolling assay (for isolated glycoprotein candidate selectin ligands):  

 To address the shortfall of studying the contribution of each ligand the blot rolling 

assay was applied where isolated glycoproteins from HSPC lyastes are resolved by gel 

electrophoresis, transferred to a PVDF membrane, which is then stained with HECA-452 

mAb and rendered translucent by immersion in 10% glycerol. The membrane is then 

incorporated into a parallel-plate flow chamber apparatus and interactions with individual 

immobilized molecules (bands) can then be visualized in real-time. CHO-E or CHO-P 

cells are then drawn through the chamber at various flow rates corresponding to shear 

stresses below and above 2 dynes/cm2 with the syringe pump. Cell rolling is then 

observed using an inverted-phase contrast microscope (Nikon) and captured using NIS-

Elements software. Multiple random fields are captured and calculations such as the total 

number of rolling cells are determined using the software (Fig. 3-4A). This is a powerful 

technique used to measure the rolling of CHO-E or CHO-P cells over immobilized E-

selLs on PVDF membrane in real-time. As illustrated in Fig. 3-4B, CHO-E cells 

interacted and adhered to HCELL isolated from KG1a cells specifically and was 

abrogated when either control CHO cells (CHO-Mock; no E-selectin) were used or when 

CHO-E cells were suspended in flow medium containing 5mM EDTA (confirming 

binding is Ca2+-dependent) (Sackstein and Fuhlbrigge, 2006; Sackstein and Fuhlbrigge, 

2009; Sackstein and Fuhlbrigge, 2015). Even though this method allows for the rapid and 

reproducible assessment of individual components, both known and unknown, within a 

complex mixture without the need for prior isolation or enrichment beyond standard 

SDS-PAGE (Fuhlbrigge et al., 2002; Sackstein and Fuhlbrigge, 2009), neither kinetics 

nor affinities can be determined using this assay. Thus, each ligand's importance to 

interaction with E-selectin in human cells is debatable and requires additional attention 

and methodologies to determine and better understand their involvement. 
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Figure  3-4. Blot rolling assay. 
(A) Scheme of blot rolling appartus set up to capture adhesive events between isolated proteins on a 

PVDF membrane from HSPC lysates with cells over-expressing E- or P-selectin in real time. Adopted from 
references (Fuhlbrigge et al., 2002; Sackstein and Fuhlbrigge, 2006). (B) Interaction of HCELL with E-
selectin by blot-rolling assay was performed on immunoprecipitated CD44 from KG1a cell lysates. 
Immunoprecipitated protein was resolved by 4−20% SDS-PAGE and blotted for sLex binding using 
HECA-452 mAb. CHO-E cells were then perfused over the stained PVDF membrane at 0.25 dyne/cm2. 
After cell perfusion, the numbers of rolling cells/field were counted from six experiments using four 
distinct fields of view in each experiment. As a control, 5mM EDTA was added to the buffer-containing 
CHO-E cells. CHO-Mock cells were used to assess the nonspecific adhesion. Results shown reflect 
multiple assays (n = 4) on HECA-452 stained blots of multiple (n = 3) membrane preparations. Data are 
the mean ± S.E.M.  

3.2 Objective: 

Numerous ligands have been described to bind E-selectin but less is known about 

each ligand's importance in this interaction. In this study, we aimed to better understand 

the contribution of these E-selectin ligands to the overall selectin binding of 

hematopoietic cell tethering and rolling by developing an in vitro binding assay using a 

surface plasmon resonance (SPR) technology. We used this approach to study the 

interaction of recombinant E-selectin with endogenous native selectin ligands on cells. To 

achieve this, we adopted a strategy that rapidly captures specific ligands from cellular 

crude extracts of hematopoietic cells via surface-immobilized mAbs and characterizes 

their interaction with E-selectin. This novel real-time immunoprecipitation (IP)-based 

binding assay allows us to bypass the difficult task of purifying ligands, enabling the use 

of natively glycosylated forms of selectin ligands from any model cell of interest, and 

Ligand 

M.wt M.wt 
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provides an experimental condition that is able to measure interactions of flowing 

molecules over intact molecules.  

Surface plasmon resonance: 

Surface plasmon resonance (SPR) spectroscopy is a powerful optical technique to 

quantitatively study label-free bimolecular binding affinities and kinetics in real time 

using relatively small amounts of proteins in a native or native-like environment. SPR 

employs electromagnetic ‘evanescent’ waves at the surface of the metal to measure a 

change in refractive index of the medium in close vicinity to the surface. SPR uses a 

detection scheme called Kretschmann configuration that consists of the following 

principal elements: polarized light source, prism, a thin metallic layer usually gold and a 

detector (Kretschmann, 1971). SPR takes advantage of the physical phenomenon of total 

internal reflection, whereby a polarized light source is directed through a prism to the 

surface of the gold film at a critical incident angle so that it would be totally reflected. 

This would create an electromagnetic wave (evanescent wave) that penetrates into the 

gold surface with an intensity that exponentially decreases with distance. The critical 

angle is sensitive to any change in the refractive index of the medium within 300 nm of 

the gold surface and shifted when molecules bind to the surface. Thus upon binding of 

any material to the surface, the local refractive index will change and through the 

evanescent field, it will have an effect on the plasmon waves, which results in shifting the 

resonance angle. This shift is linearly proportional to the amount (mass) of the material 

bound to the surface. Resonance or response units (RU) are used to describe the increase 

in the critical angle shift (Fig. 3-5). SPR has predominantly been developed and 

performed using BIAcore™ technology with the first commercial instrument in 1991 

(Cooper, 2002; Fang, 2006; Kretschmann, 1971; Patching, 2014; Salamon et al., 1997). 
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Figure  3-5. Schematic illustration of SPR principal. 
(A) Instrument set up for an SPR biosensor. SPR uses an optical method to measure the refractive 

index near to a sensor surface. SPR uses an optical method to measure the refractive index near to a sensor 
surface; this exploits total internal reflection of light at a surface-solution interface to produce an 
electromagnetic field or evanescent wave that extends a short distance (up to 300 nm) into the solution. The 
surface is a thin film of gold on a glass support that forms the floor of a small-volume (less than 100 nl) 
flow cell through which an aqueous solution is continuously passed. SPR is observed as a sharp shadow in 
the reflected light from the surface at an angle that is dependent on the mass of material at the surface. (B) 
The SPR angle shifts (from a to b) when biomolecules bind to the surface and change the mass of the 
surface layer. (C) This change in resonant angle can be monitored non-invasively in real time as a plot of 
resonance signal (proportional to mass change) versus time. When the analyte is injected and if it binds to 
immobilized ligand, an increase in RU (association rate, Kon) will be detected in the curve followed by a 
steady state binding where all binding sites are occupied (final critical b). At the end of injection, the 
continouse flow of buffer would provide a measure of the analyte dissociate rate (Koff). Adopted from 
reference (Patching, 2014). 
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3.3 Results: 

3.3.1 A novel SPR-based assay to measure the binding of E-selectin with its ligands. 
 The scheme of the SPR-based-IP assay as it relates to measuring the interaction of 

CD44/HCELL with E-selectin is a three-step process (Fig. 3-6A): 1) coupling CD44-

mAb to the surface of a CM5 sensor chip; 2) injection of KG1a cell lysate under 

conditions where nonspecific interactions with the CM5 surface and the mAb are 

minimal and the ligand of interest (i.e., CD44) is specifically captured; and 3) addition of 

recombinant dE-selectin under flow. As illustrated in the binding sensograms in Fig. 3-

6B, at the end of the lysate injection and during the wash with buffer, we observed a 

significant accumulation of response units (RU) in the 515-mAb channel compared with 

only a residual RU in the control flow cells that did not contain mAb (blank) or contained 

an isotype-control (MsIgG1) specific for the mAb of interest (isotype). We next 

investigated if the captured CD44 is associated in multi-ligand complexes by recovering 

the 515-mAb bound protein(s), as described in Experimental Procedures (Chapter 2), 

after introducing a 1-or 5-min buffer-washing step at the end of the lysate injection, and 

analyzing the recovered protein(s) by western-blot. Immunostaining with CD44-mAb 

verified the presence of CD44 after both the 1-and 5-min buffer-washing steps (Fig. 3-

6B, inset). Immunostaining for the presence of PSGL-1, a highly expressed E-selectin 

ligand on hematopoietic cells, showed a 5-min wash with buffer effectively removed 

PSGL-1 contamination (Fig. 3-6B, inset). 

 

The fact that a mAb works in a solution-based IP doesn’t guarantee that it will work 

when immobilized to the CM5 surface. Flow cytometry and IP were first used to assess 

the ability of three different clones of CD44-mAbs (515, Hermes-3, IM7) to interact with 

KG1a cells (Figs. 3-6C and D). However, upon coupling to CM5, IM7-mAb completely 

lost its ability to capture CD44 (no accumulation of RUs occurs at the end of lysate 

injection), while both 515-mAb and Hermes-3-mAb captured CD44 but with distinctive 

affinities (Fig. 3-6E); the dissociation rate constants (koff) during the washing step with 

buffer for CD44 binding to 515-mAb was 12-fold faster than to Hermes-3-mAb (Fig. 3-

6E). Based on equation (1), and the maximum RU reached at the end of the lysate 

injection and just prior to the start of the wash with buffer (RUmax) [1040 and 640 RU in 
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CD44 (515) and CD44 (Hermes-3), respectively], we estimated that 515-mAb and 

Hermes-3-mAb (~150 kDa) captured CD44 (~80 kDa) with only ~27 % and ~20 % 

efficiency, respectively. In general, we observed low ligand-capturing efficiency, which 

we attributed to the immobilization of the mAb (render its binding site inaccessible) 

and/or to the low expression level of the endogenous ligands. 

 

We next examined the ability of the CD44/515-mAb and CD44/Hermes-3-mAb 

complexes to interact with dE-selectin. All SPR-binding studies were conducted in a 

running buffer containing 50 mM NaCl unless otherwise stated. A marked increase in RU 

was detected during dE-selectin injection (177 nM) in the case of CD44/515-mAb and 

CD44/Hermes-3-mAb but in the case of IM7-mAb, which failed to capture CD44, no dE-

selectin RU was detected (Fig. 3-6E). The high stability of the CD44/Hermes-3-mAb 

complex makes it ideal for quantitative analysis of dE-selectin binding to CD44. The 

apparent koff (koff-apparent) of the dissociation phase, which consists of the dissociation of 

CD44 or CD44/dE-selectin from Hermes-3-mAb as well as the dissociation of dE-

selectin from CD44/Hermes-3-mAb, was 0.9x10-4 s-1 (Fig. 3-6E). However, since the koff 

of CD44/Hermes-3-mAb, and presumably CD44/dE-selectin from Hermes-3-mAb, is 

only 1.5-fold slower than the koff-apparent (Fig. 3-6E), the estimated koff-apparent would be a 

close approximation of the koff of the CD44/dE-selectin complex. It should be noted that 

although CD44/515-mAb forms a weak complex, the significant accumulation of RU 

during both dE-selectin injection and buffer wash still suggest it interacted with dE-

selectin (Fig. 3-6E). EDTA abrogated the binding between dE-selectin (177 nM) and 

CD44/Hermes-3-mAb complex, which could be reversed with the introduction of Ca2+ 

during the dE-selectin injection (Fig. 3-6F) confirming the specificity of this interaction. 

 

We further confirmed the interaction of CD44 with dE-selectin by conducting a 

reciprocal binding scheme to that presented in Fig. 3.6A. To this end, dE-selectin was 

immobilized on the CM5-chip surface (instead of the mAb against the ligand) and 

purified CD44 was injected over the dE-selectin. We partially purified native CD44 by IP 

from KG1a cell lysate as described in earlier section of Experimental Procedures 

(Chapter 2) and assessed binding by both SPR (Fig. 3-6G, left) and western-blot analysis 



84 

 
(inset). CD44 bound dE-selectin with slow on- and off-rates as evident by the slow 

accumulation of RU during CD44 injection and the accumulation of RU during the buffer 

washing step that dissociated with slow koff-apparent (Fig. 3-6G, right). 
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Figure  3-6. Optimization of the SPR-based-IP in studying the interaction of E-selectin with 
CD44/HCELL. 

(A) An experimental schematic diagram. Step 1: mAb immobilization on CM5 chip; step 2: lysate 
injection to capture CD44; and step 3: injection of dE-selectin. (B) Raw data of KG1a lysate injection on 
surface-immobilized mAb. Three flow cells were used in this experiment: blank (dashed line), immobilized 
CD44 (515-mAb) (5500 RU; gray line) and immobilized isotype-control (5000 RU; black line); the mAb 
immobilization (step 1) is not shown. Arrows mark the start and end of the lysate injection followed by 
washing with a running buffer (step 2). The sensograms are uncorrected for the buffer’s bulk refractive 
index and therefore display a large increase in RU during the lysate injection. Inset, western-blot analysis 
of 515-mAb captured proteins from crude KG1a lysate. Captured proteins were eluted (as described in 
Chapter 2, Experimental Procedures) following a buffer wash of either 1 or 5 minutes. The recovered 
material was analyzed by western-blot with CD44-mAb (left panels) and/or with PSGL-1 mAb (right 
panels). (C) Flow cytometry was used to determine the ability of three different clones of CD44 mAbs 
(515, Hermes-3, IM7) to stain CD44 on KG1a cells. The dotted curves represent isotype-controls and the 
shaded curves represent specific binding. (D) Western-blot analysis of the efficiency of three different 
clones of CD44-mAbs (515, Hermes-3, IM7) to each immunoprecipitate CD44 from KG1a lysate; blots 
were stained with CD44 (515, Hermes-3 and IM-7) and HECA-452 mAbs. (E) CD44-mAb clones [515 
(7200 RU; gray line), Hermes-3 (5740 RU; black line) and IM7 (4100 RU; dashed line)] or isotype (4600 
RU) were immobilized to capture CD44 from KG1a lysate. Subsequently, dE-selectin binding to the 
captured-CD44 was determined. The mAb immobilization step is omitted. The sensograms show the lysate 
injection followed by dE-selectin injection (177 nM), which are normalized after subtracting the bulk 
refractive index and nonspecific interaction using the control isotype flow cell. koff is the dissociation rate 
constant for CD44 from Hermes-3-mAb or 515-mAb and koff-apparent is for dE-selectin or CD44/dE-selectin 
from Hermes-3-mAb or 515-mAb and dE-selectin from CD44/Hermes-3-mAb or CD44/515-mAb. (F) 
Using Hermes-3-mAb (3670 RU) to capture CD44 and isotype-control (3600 RU), the Ca2+-dependent 
binding of CD44 to dE-selectin was measured as in (E) above. dE-selectin (177 nM) was injected first in 
the presence of 5 mM EDTA and then in presence of 1 mM CaCl2. This is representative of two 
independent experiments. (G) Purified CD44 from KG1a lysate (1μM; as per Chapter 2, Experimental 
Procedures) was injected for 200s at 20 μl/min over either immobilized Hermes-3-mAb (left) or 
immobilized dE-selectin. 13000 RU of dE-selectin was immobilized using amine coupling kit on CM5 
chip. Inset, western-blot of purified CD44 from KG1a lysate stained for CD44 (Hermes-3). All SPR-
binding were conducted in running buffer containing 50 mM NaCl. koff is for CD44/dE-selectin complex. 
This is representative of n = 2 independent experiments. For all SPR experiments, koff and koff-apparent were 
calculated by fitting the stable phase in the buffer washing step using the Biacore evaluation software. 

3.3.2 Using SPR to characterize the glycans required on CD44/HCELL to bind E-
selectin. 

CD44 possesses five conserved positions for N-linked glycosylation and multiple 

sites for O-linked glycosylation (Lesley and Hyman, 1998). The importance of 

glycosylation of E-selectin ligands is illustrated by the inability of hypo-glycosylated-

recombinant human CD44 (rH-CD44; R&D Systems) (Baker et al., 2001b; Hossler et al., 

2009) captured by the 2C5-mAb to either bind to dE-selectin in our SPR-binding assay 

(Fig. 3-7A) or to be recognized by the sLex/a mAb, HECA-452, which is commonly 

required for E-selectin recognition, in western-blot (Fig. 3-7B, top panel). It should be 

noted that 2C5-mAb but not 515-mAb was able to recognize rH-CD44 with SPR (Fig. 3-

7A) and western-blot analysis (Fig. 3-7B, bottom panel). To characterize the contribution 

of glycans on CD44 to dE-selectin binding by SPR, enzymes were used to remove N-
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glycans (PNgaseF) or O-glycans (OSGE) prior to the binding measurements. Sensograms 

of dE-selectin (354 nM) binding to CD44/Hermes-3-mAb from either PNgaseF-treated 

lysate (treated) or control lysate that underwent the same treatment conditions (buffer and 

incubation times/temperatures) but in the absence of the treatment enzyme (control) are 

shown in Fig. 3-7C. To perform comparative analysis, we normalized the amount of 

mAb-captured ligands prior to dE-selectin injection as described in Chapter 2, 

Experimental Procedures. As evident in Fig. 3-7C, removal of N-glycans resulted in a 

~nine-fold reduction in RUmax. However, the residually bound dE-selectin formed a 

stable complex that dissociated with sixteen fold slower koff-apparent than did the control 

lysate (Fig. 3-7C). Considering the higher stability of CD44/Hermes-3-mAb from treated 

relative to control lysates (Fig. 3-7C), this sixteen-fold difference in koff-apparent is a higher 

estimate. These results indicate N-glycans enhance the association but not the stability of 

dE-selectin/CD44 complex. To ensure the residual binding (also apparent in the western-

blot in Fig. 3-7D under denaturing conditions) of dE-selectin to CD44 is not due to 

incomplete enzyme treatment, we used the glycoprotease-sensitive QBend-10-mAb for 

blotting. QBend-10-mAb was able to recognize control samples (not treated with 

PNgaseF) but completely lost its epitope recognition following PNgaseF treatment (Fig. 

3-7D), which is consistent with previously published results (Mir et al., 2009). Moreover, 

the CD34 recognized by glycan-insensitive mAb (EP373Y; recognizes the C-terminus of 

CD34) displayed faster mobility on SDS-PAGE confirming the efficacy of the treatment 

and the presence of PNgaseF treated protein (Fig. 3-7D) (Mir et al., 2009).  

 

Interestingly, removal of N-glycan(s) increased the antigenic activity of Hermes-3-

mAb to capture CD44; 2.5-fold more CD44/Hermes-3-mAb complex was formed in the 

treated lysate prior to the injection of dE-selectin and it dissociated with a three-fold 

reduction in koff in comparison with the control lysate (Fig. 3-7C). This increase in 

antigenic activity was confirmed by western-blot (Fig. 3-7D). Furthermore, the treatment 

condition itself (24 h incubation at 37 °C) affected the stability of the CD44/Hermes-3-

mAb complex as evident by its three-fold higher koff value relative to that when formed 

using fresh lysate (compare Fig. 3-7C and Fig. 3-6E). Our real-time SPR-IP therefore 

provides a simple, quick and direct measurement of such variation in mAb antigenicity to 
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different glycoforms that is not easily detectable using conventional western-blot 

analyses.  

 

We observed similar behavior for PNgaseF treatment on CD44 interactions with dE-

selectin, when 515-mAb was used to capture in either SPR (Fig. 3-7E) or western-blot 

analysis (Fig. 3-7D). The effect of treatment on the antigenic activity of 515-mAb, 

however, was less pronounced than on Hermes-3-mAb (Fig. 3-7C to Fig. 3-7E). This 

further supports our conclusion that the reduced binding of dE-selectin upon PNgaseF 

treatment is not due to the reduced ability of Hermes-3-mAb or 515-mAb to capture 

CD44. 

 

Treatment with O-sialoglycoprotease (OSGE) to remove O-glycans reduced the 

RUmax of dE-selectin binding to CD44/Hermes-3-mAb by ~50-fold (Fig. 3-7F). It is 

important to note that OSGE treatment resulted in the opposite antigenic effect 

(compared to PNgaseF) where a 1.5-fold reduction in the amount of CD44/Hermes-3-

mAb was formed prior to the injection of dE-selectin (Fig. 3-7F). This was further 

confirmed by western-blot analysis (Fig. 3-7G, top panel). This reduction, however, is 

minor relative to the significantly reduced binding of dE-selectin to CD44 observed using 

either Hermes-3-mAb (Fig. 3-7F) or 515-mAb (Fig. 3-7H). Finally in order to even out 

these differences in the ability of these antibodies to capture their antigenic epitopes 

following treatment with OSGE, we adjusted the IP lysate amount (i.e. increased) used 

for the OSGE treated condition prior to western-blot analysis (under denaturing 

conditions). As illustrated in Fig. 3-7G (middle panel), dE-selectin binding is still 

markedly reduced although equivalent amounts of CD44 were represented in treated and 

control samples. QBend-10-mAb was used to confirm the removal of O-glycans (Fig. 3-

7G, bottom panel) (Dimitroff et al., 2001a; Mir et al., 2009). Finally treatment with 

sialidase to remove the sialic acid (included in the sLex structure) completely abolished 

the interaction of dE-selectin with CD44/Hermes-3-mAb (Fig. 3-7I) or CD44/515-mAb 

(Fig. 3-7J) by SPR and in western-blot analysis (Fig. 3-7K). 
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Figure  3-7. Characterization of glycans essential for mediating binding of CD44/HCELL to E-selectin 
using SPR. 

(A) CD44 mAb clones [515 (7000 RU; black line) or 2C5 (8600 RU; gray line)] or isotype-control 
(8000 RU) were immobilized to capture recombinant human CD44 (rH-CD44). The mAb immobilization 
step is omitted. The sensograms show the lysate injection followed by dE-selectin injection (177 nM), 
which are normalized after subtracting the bulk refractive index and nonspecific interaction using the 
control isotype flow cell. No binding of rH-CD44 to dE-selectin was detected. This is representative of n = 
2 independent experiments. (B) rH-CD44 and CD44 immunoprecipitated from KG1a lysate was run on a 
4−20% SDS-PAGE gradient gel and transferred to a PVDF membrane for western-blot analysis. The 
membrane was blotted with anti-sLex mAb (HECA-452 clone) (top panel). To confirm the presence of 
CD44, rH-CD44 was blotted and stained with either 2C5 or 515 anti-CD44 mAbs (bottom panels). Note 
that rH-CD44 could be blotted with 2C5 but not with 515 (bottom panel) but lacked sLex/a, which is 
required for E-selectin recognition (as evident by the absence of HECA-452-mAb binding) (top panel). (C) 
Hermes-3-mAb (3270 RU) [isotype-control (2570 RU)] was immobilized to capture CD44 from KG1a 
lysates that had been either treated with PNGaseF (treated; black line) or not (control; dashed line). 
Following CD44 capture, dE-selectin was injected at 354 nM. The same surface was used for both the 
treated and control binding studies with a regeneration step between the two runs. The normalized (gray 
line) sensogram is the same as treated but normalized to the control sensogram based on the ratio of 
accumulated CD44 RU prior to dE-selectin injection. koff and koff-apparent were calculated as described in Fig. 
3-6E. This is representative of n = 2 independent experiments. (D) For western-blot analysis, CD44 was 
immunoprecipitated (with 515 or Hermes-3) from equivalent amounts of KG1a lysates either treated with 
PNGaseF (+) or not (-) and blotted with either dE-selectin (top panel) or CD44 (middle panel). Note the 
disappearance of the QBend-10 signal due to the N-glycan removal while equal amounts of CD34 protein 
were recognized by the CD34 mAb, EP373Y (C-terminal domain of CD34; bottom panels). (E) This SPR 
study was performed as in part (C) except using 515-mAb (4000 RU) and its isotype (2570 RU) in place of 
Hermes-3-mAb. This is representative of n = 3 independent experiments. (F, H) SPR analysis of OSGE 
treatment were performed as in (C) and (E), respectively using Hermes-3-mAb (8000 RU) [isotype-control 
(5000 RU)] (F) or 515-mAb (5900 RU) [isotype-control (5000 RU)] (H) This is representative of n = 2 
independent experiments for Hermes-3-mAb and n = 3 independent experiments for 515-mAb. (G) CD44 
was immunoprecipitated following OSGE treatment as in (D) and subjected to western-blot for CD44 (top 
panel). Since following OSGE treatment, the Hermes-3-mAb does not immunoprecipitate CD44 as 
efficiently as untreated CD44, CD44 immunoprecipitations were performed on adjusted amounts of OSGE 
treated samples (i.e. 3 times more OSGE-treated KG1a lysate) and subjected to western blot analysis for 
CD44 and dE-selectin (middle panel). Note that this is consistent with the SPR results in (F) and (H). 
Qbend-10 was used as an internal control to confirm O-glycan removal as in (D) (bottom panel). (I, J) SPR 
analyses of sialidase treatment were performed as in (C) and (E), using Hermes-3-mAb (5440 RU) 
[isotype-control (4000 RU)] (I) or 515-mAb (5461 RU) [isotype-control (4036 RU)] (J). This is 
representative of n = 3 independent experiments. (K) Western-blot analysis of sialidase treatment was 
performed as in (D). All SPR-binding studies were conducted in a running buffer containing 50 mM NaCl. 
The treated and control bindings were performed on the same flow cell with a regeneration step between 
the two runs. dE-selectin was injected at 354 nM (nano-Molar) unless stated otherwise. All results are 
representative of at least three independent experiments. 

3.3.3 Determination of equilibrium binding constants of endogenous E-selectin 

ligands. 

We next determined the equilibrium-binding constant (KD) of dE-selectin with the 

stably captured CD44/Hermes-3-mAb complex in buffer containing 50 mM NaCl. dE-

selectin binding displayed a dose-dependent response (Fig. 3-8A); using a steady-state 

model, the KD was calculated to be 137 ± 6 nM (n = 3; Figs. 3-8A and 3-8E). The koff-

apparent estimated from the dissociation rate following the last dE-selectin injection in the 
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binding isotherm was 1.7x10-4 ± 0.1x10-4 s-1 (Figs. 3-8A and 3-8E). We therefore 

estimated the apparent association rate constant (kon-apparent) to be 1200 ± 82 M-1s-1 (Fig. 

3-8E). These results demonstrated CD44 bound dE-selectin with slow-on/slow-off rate 

kinetics.  

 

Western-blot analysis showed the endogenous-immunoprecipitated CD44 existed in 

different glycoforms that interact with dE-selectin (Fig. 3-2). Using equation (1), 

described in Chapter 2, and 1:1 stoichiometry and the binding curve in Fig. 3-8A, we 

estimated that ~14% of the 7460 RU of the mAb (~150 kDa) captured the 550 RU of 

CD44 (~80 kDa, monomer) to result in a total RUlig of 1580; 1030 RU are attributed to 

the 14% of the surface immobilized mAb and 550 RU from the captured CD44. The 

expected RUmax from the binding of dE-selectin (300 kDa, dimer form of E-selectin) to 

1580 RUlig (mAb in complex with CD44, ~230 kDa), assuming 1:1 stoichiometry of 

CD44/dE-selectin interaction, is 2060 RU. We estimated the RUmax from the steady state 

fit to be 1200 RU. It is possible that not all captured CD44 are properly oriented to 

interact with dE-selectin, since CD44 is immobilized indirectly to the CM-5 surface via 

mAb. Therefore, we estimated that 60% of the captured monomeric CD44 was able to 

interact with dE-selectin. However, this percentage could be an upper estimate since we 

didn’t rule out the possibility that CD44 could bind more than one dE-selectin. The 

ability of SPR to quantify percentage of active molecules provides another insight into 

the influence of post-translation modification on protein-protein interaction. 

 

Previous studies showed the selectin interaction with sLex is electrostatic in nature 

since itand  is markedly reduced during treatment at higher salt concentrations (Torgersen 

et al., 1998). We observed that the KD at 200 mM NaCl (663 ± 48 nM, n = 3) increased 

by five-fold in comparison with 50 mM NaCl (137 ± 6 nM; P<0.001) (Fig. 3-8B and 3-

8E). The koff-apparent estimated from the binding isotherm following the last dE-selectin 

injection was 1.5x10-4 ± 0.1x10-4 s-1, while the kon-apparent was estimated to be 226 ± 28 M-

1s-1 (Figs. 3-8B and 3-8E). These results indicated that CD44 and dE-selectin binding 

maintained the same off rates at 200 mM NaCl relative to the 50 mM NaCl while the on 

rate decreased by 5-fold (P<0.001). 
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Antibodies that block specific ligand binding to E-selectin have not been described, 

making it difficult to compare the contribution of individual ligands to the overall E-

selectin binding of a cell. Furthermore, the difference in the expression levels of different 

ligands and in their IP efficiency, which is inherently influenced by glycosylation 

differences, makes comparative analysis tricky to perform. Therefore, we sought to use 

this SPR-based-IP assay to perform a comparative analysis of E-selectin binding with 

another well-known ligand, PSGL-1. PSGL-1 formed a highly stable complex with the 

surface-immobilized KPL-1-mAb that is comparable with the CD44/Hermes-3-mAb 

complex (Fig. 3-8C). At 50 mM NaCl, dE-selectin bound captured PSGL-1/KPL-1-mAb 

with a comparable KD to CD44/Hermes-3-mAb; 178 ± 22 nM (n = 3) cf. 137 ± 6 nM 

(Figs. 3-8C and 3-8E). The estimated koff-apparent and kon-apparent from the binding isotherm 

were 2.0x10-4 ± 0.2x10-4 s-1 and 1100 ± 106 M-1s-1, respectively (Figs. 3-8C and 3-8E), 

demonstrating PSGL-1 bound dE-selectin with slow-on/slow-off kinetics that are 

comparable with those between CD44 and dE-selectin. Using a similar calculation 

scheme, we estimated that the captured PSGL-1 (~240 kDa dimer, valency = 2) was 200 

% active in binding to dE-selectin; i.e. each dimer of PSGL-1 bound two dE-selectin 

(Fig. 3-8C). Interestingly, dE-selectin bound PSGL-1 and CD44 with comparable kon-

apparent and koff-apparent despite their significant difference in the stoichiometry. This 

indicated that different binding sites are likely to act independently. 

 

PSGL-1 binding to dE-selectin also displayed salt dependence, where the KD 

increased by 6-fold when the NaCl concentration was increased to 200 mM (1150 ± 118 

nM, n = 3) (Figs. 3-8D and 3-8E), demonstrating PSGL-1 is slightly more sensitive to 

salt than CD44 (P<0.05). The estimated koff-apparent and kon-apparent from the binding 

isotherm were 1.9x10-4 ± 0.2x10-4 s-1 and 165 ± 13 M-1s-1, respectively (Figs. 3-8D and 3-

8E). These results indicate that increasing the salt concentration from 50 to 200 mM 

NaCl had no effect on the off rate of the PSGL-1 interaction with dE-selectin but reduced 

its on rate by 7-fold (P<0.01). 
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Figure  3-8. Determination of the equilibrium dissociation binding constant for the binding of 
CD44/HCELL and PSGL-1 to dE-selectin at different salt concentrations.  

(A) Binding of different concentrations of dE-selectin to CD44 at 50 mM NaCl; the sensogram shows 
binding of consecutive injections of dE-selectin at 30 µl/min for 130s at concentrations of 0.78, 1.5, 3.125, 
6.25, 12.5, 25, 50, 100, 200, 400 and 800nM that are spaced by a 60s buffer washing step to CD44 captured 
from a KG1a lysate injection over surface immobilized Hermes-3-mAb (7142 RU). The lysate injection is 
not shown. The sensograms are corrected for the bulk refractive index and nonspecific interactions using 
isotype-control (6852 RU). KD was determined by fitting the binding isotherm using a steady-state model 
and the RUmax values just prior to the start of the buffer injection where steady-state conditions were nearly 
met (inset). koff-apparent was calculated as described in Fig. 3-6E and kon-apparent was calculated based on the 
determined KD and koff-apparent values. (B) Binding of different concentrations of dE-selectin to CD44 at 200 
mM NaCl; the experimental conditions are similar to those in (A) with the following concentration range: 
25, 50, 100, 200, 400, 800, 1600 nM of dE-selectin used. The RU for Hermes-3-mAb was 4900 and for the 
isotype-control was 4280. (C) Binding of different concentrations of dE-selectin to PSGL-1 at 50 mM 
NaCl; the experimental conditions are similar to those in (A) with the same concentration range of dE-
selectin used. The RU for the KPL-1-mAb was 8200 and for isotype-control was 6852. (D) Binding of 
different concentrations of dE-selectin to PSGL-1 at 200 mM NaCl; the experimental conditions are similar 
to those (B) with the same concentration range of dE-selectin used. The RU for KPL-1-mAb was 5800 and 
for isotype-control was 4280. (E) Summary of binding constants of CD44/dE-selectin and PSGL-1/dE-
selectin at 50 mM and 200 mM NaCl concentration from three independent experiments of those shown in 
(A) to (D). The binding study was performed and analyzed as described in A and B. 

 
The weaker interaction of dE-selectin with PSGL-1 at higher salt concentrations in 

our SPR experiment was corroborated by blot rolling assays comparing CD44 and PSGL-

1 at varying NaCl concentrations. When the salt concentration was increased from 50 to 

200 mM, a four-fold reduction in the number CHO-E cells rolling on PSGL-1 was 

observed compared with only a two-fold reduction on CD44 (Fig. 3-9A cf. Fig. 3-9B). 

Single-cell tracking of CHO-E cells was performed as described in Chapter 2, 

Experimental Procedures, to gain more quantitative information on the CD44 and PSGL-

1 interaction with dE-selectin. The trajectories presented in Fig. 3-9C illustrate 

representative examples of the rolling behavior of cells defined as either “rolling” and/or 

“rolling and adhesion.” The average velocity calculated from the slope of the rolling 

phase of the trajectories, average rolled distance and percentage of cells that displayed 

adhesion behavior during rolling were calculated under each salt concentration tested in 

Figs. 3-9, A and B. At salt concentrations between 50−150 mM, we observed that these 

parameters were similar for PSGL-1 and CD44 (Fig. 3-9C). As the physiological salt 

concentration is closer to 150 mM, CD44 supports slightly lower rolling velocity and 

higher numbers of adherent cells. However, when the salt concentration was increased to 

200 mM, we observed that: 1) the velocity of CHO-E cells rolling on PSGL-1 was 

significantly higher than on CD44; 2) the percentage of rolling cells that displayed 
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adhesion behavior were more decreased on PSGL-1 compared to CD44; and 3) rolling 

distance maintained prior to detachment (i.e., the stability of the interaction) was 

maintained longer on CD44 compared to PSGL-1 (Fig. 3-9C). These results are 

consistent with the SPR-binding measurements that indicated both CD44 and PSGL-1 

bound dE-selectin with comparable kinetics at lower salt concentrations and that CD44 

bound stronger at higher salt concentrations. Furthermore, the slow dissociation rates of 

CD44 and PSGL-1 binding to E-selectin explain the short distance traveled during 

tethering/rolling of CHO-E cells prior to firmly adhering. 



96 

 

 

Figure  3-9. Comparison between the binding of CD44/HCELL and PSGL-1 to CHO-E cells by blot-
rolling assay at various salt concentrations. 

(A, B) Adhesion bar graph for the blot rolling assay (rolling cells/mm2) for CHO-E cells perfused over 
SDS-PAGE immunoblots of HECA-452-reactive membrane glycoproteins of KG1a cells at 0.25 dyne/cm2 
and buffer NaCl concentrations of 50 mM, 150 mM and 200 mM (black bars). Immunoprecipitates of 
CD44/HCELL (A) and PSGL-1 (B) from KG1a cells were resolved by SDS-PAGE and blotted for HECA-
452 prior to performing the assay. To control for the specificity of CHO-E binding to membrane 
glycoproteins, EDTA was added to the buffer containing the CHO-E cells before use in adhesion assays 
(gray bars). After cell perfusion, the numbers of rolling cells/field were counted from n = 3 experiments 
using four distinct fields of view in each experiment. Data are reported as the mean ± SEM. (C) Single cell 
tracking of CD44 and PSGL-1 binding to E-selectin by blot-rolling assays. The experiments were 
performed as described in (A and B). The images were acquired at one frame per second, subjected to 
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background subtraction and contrast enhancement on ImageJ and tracked on Imaris V7.6.4 software as 
described in Chapter 2, Experimental Procedures. The centroid position of the cells was determined with 
an accuracy of 10 ± 4 μm. The trajectories showed the X-position of each rolling cell (parallel to the flow) 
versus Time. Displacements that were greater than 4 μm within 4s were considered as rolling events and 
those that were less were considered as adhesion events. The slope of the rolling phase of the trajectory was 
fitted linearly using Origin-Pro and the mean velocity Vx for each condition was calculated from the 
average of the slopes. The average velocity, percentage (%) of rolling cells that displayed adhesion 
behaviour (as illustrated for the cyan and red trajectories), and averaged travelling distance during the 
rolling phase of the trajectories under each condition are reported. Data are reported as the mean ± SEM. 

3.3.4 Binding of ligands to monomeric E-selectin. 
 Little is known about the actual physiological distribution of E-selectin on 

endothelial cells and the mechanisms by which they mediate cell adhesion under flow. 

Clustering and conformational changes of P-selectin resulting from force play a role in 

increasing the binding affinity between the endothelial cells and the flowing cells (Kiely 

et al., 2003b; Setiadi and McEver, 2008; Waldron and Springer, 2009). In stark contrast 

to our findings, previous SPR studies of selectin binding to various ligands tended to 

indicate fast-on/fast-off kinetics (Mehta et al., 1998; Nicholson et al., 1998; Wild et al., 

2001). Upon closer examination of the literature (Table 3-1), we noticed the form of 

selectin used, either dimer or monomer, plays a major role. We therefore sought to 

characterize the mE-selectin binding to CD44/Hermes-3-mAb and PSGL-1/KPL-1-mAb. 

Interestingly, both ligands bound mE-selectin much more weakly than dE-selectin (Fig. 

3-10A). The binding kinetics displayed a transient nature (fast-on/fast-off rates) as 

evident in the curves displayed in Fig. 3-10A where RUmax is reached immediately after 

the start of the mE-selectin injection and then returns to baseline immediately after the 

end of mE-selectin injection and the start of the wash with the buffer. The E-selectin 

monomeric and dimeric nature was confirmed by native gel analysis (Fig. 3-10B). 
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Table  3-1. Comparison of kinetics of selectin-ligand interactions measured by SPR. 

Note that most measurements are reported for experiments performed at 25oC. nd, too low to detect. Results 
represent the mean ± S. E. M. 

 

(*) indicates that a peptide of PSGL-1 was used (2-GSP-6).  
(+) indicates that the selectins used for the study were comprised of the lectin and EGF domains only. 
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Figure  3-10. SPR-binding of CD44 (black line) and PSGL-1 (dashed line) to mE-selectin. 
(A) Hermes-3-mAb (for CD44, 3650 RU), KPL-1-mAb (for PSGL-1, 5000 RU), or isotype-control 

(3400 RU) was used for real-time immunoprecipitation from KG1a lysates. Following antigen capture, mE-
selectin was injected at either 177 or 354 nM. The sensograms were corrected for the bulk refractive index 
and nonspecific interactions using the isotype-control. This is representative experiment of n = 2 
independent experiments. (B) Native PAGE of E-selectin monomer and dimer was performed where 2 µg 
of mE-selectin and 4 µg of dE-selectin were diluted in 2X loading buffer (25% glycerol, 62.5 mM tris base 
(PH 6.8) and 1% bromophenol blue) and then run on a 10% SDS/PAGE gel without SDS in the running 
buffer. The gel was then visualized using SimplyblueTM safe stain. This assay is representative of two 
independent experiments. 

3.3.5 E-selectin binding to CD44/HCELL isolated from hematopoietic cells 
CD44 has been shown to act as an E-selectin ligand on the surface of many 

hematopoietic cells and cancers (Barthel et al., 2013; Burdick et al., 2006; Hanley et al., 

2006; Merzaban et al., 2011; Shirure et al., 2012; Zarbock et al., 2011). We therefore 

sought to characterize the intrinsic binding of dE-selectin to CD44 from the lysate of two 

additional hematopoietic cell lines, THP-1 and HL-60 cells. These cell lines express 

CD44 and display HECA-452 reactive sialyl Lewis structures that subsequently bound 

dE-selectin as assessed by flow cytometry and western-blot (Fig. 3-11A and B). Cellular 

extracts were prepared from THP-1, HL-60 and KG1a cells and CD44 was captured by 

surface immobilized Hermes-3-mAb. dE-selectin bound CD44 from both cellular extracts 

with comparable kinetics to that from KG1a (Figs. 3-11C and 3-11D cf. Fig. 3-8). These 
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results demonstrate that the intrinsic binding of CD44/HCELL from these different cells 

is comparable. 

  

The expression of CD44 protein differs among the three cell types as seen in the flow 

cytometry analysis in Fig. 3-11A where following normalization for total protein in a 

whole cell lysate, the highest level of CD44 protein was found in KG1a while the lowest 

was found on HL-60. Western-blot analysis of dE-selectin binding to nearly equivalent 

amounts of CD44 protein isolated from each of these three hematopoietic cell lines 

revealed that CD44 binds dE-selectin in all cell lines albeit to varying degrees. Analysis 

of sLex (HECA-452) staining of CD44 by western-blot indicated that CD44 from HL-60 

and KG1a cells display the highest signal for sLex while the signal from CD44 of THP-1 

cells was lower (Fig. 3-11B). The percentage of HECA-452 on THP-1 and HL-60 

relative to the amount of bound dE-selectin, after normalizing the slight difference in the 

amount of loaded CD44, was 50% for THP-1 and 150% for HL-60 relative to that found 

in KG1a (Fig. 3-11B). In fact, the stoichiometry of binding of dE-selectin to CD44 from 

THP-1 and HL-60, derived from their binding isotherm (Fig. 3-11C and 3-11D) as 

described above, was 65 ± 6% and 110 ± 12% respectively. Overall these results 

demonstrate that levels of total CD44 protein are highest on KG1a cells and the highest 

expression of CD44/HCELL is found on KG1a and HL-60 cells. But the intrinsic binding 

of CD44 is comparable in these cells.  

 

Blot rolling studies of THP-1, HL-60 and KG1a under physiological flow conditions 

illustrated that CD44 isolated from KG1a and HL-60 cells supported rolling of CHO-E 

cells to similar levels whereas CD44 isolated from THP-1 cells supported significantly 

less rolling. Interestingly, CD44 isolated from KG1a (2.1 ± 0.8 μm/min) cells lead to 

significantly slower rolling velocities compared to that isolated from HL-60 (3.9 ± 2.3 

μm/min; P<0.001) and THP-1 (4.3 ± 1.9 μm/min; P<0.001). These results suggest that 

ligand density (i.e. sLex decoration on CD44) dictates binding to E-selectin and enables 

slower rolling velocities.  
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Figure  3-11. Comparison of the binding affinity of CD44 captured from different cell lysates to 
dE-selectin. 

(A) Flow cytometric analysis of CD44 expression on KG1a, HL-60 and THP-1 cells is shown as the 
average geometric mean fluorescence intensity (above the isotype control) of three independent 
experiments. Note that KG1a expresses the highest levels of CD44, followed by THP-1 and HL-60. (B) 
CD44 was immunoprecipitated from KG1a, HL-60 or THP-1 cell lysate normalized for total CD44 protein. 
The captured proteins were run on a 4−20% SDS-PAGE gradient gel and transferred to a PVDF membrane 
for western-blot analysis. The membrane was blotted with either dE-selectin, HECA452 mAb or CD44 
mAbs (clones 515, Hermes-3 and 2C5) followed by isotype-matched HRP conjugated antibody for 
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visualization. Image J was used to quantify the intensity of western-blot bands using the gel analyzer tool; 
the number displayed represents the density of each band related to the KG1a band as a standard. All 
results are representative of three independent experiments. (C) Binding of different concentrations of dE-
selectin to CD44 at 50 mM NaCl; the sensogram shows binding of consecutive injections of dE-selectin at 
20 µl/min for 180s at concentrations of 0.78, 1.5, 3.125, 6.25, 12.5, 25, 50, 100, 200, 400 and 800 nM that 
are spaced by a 60s buffer washing step to CD44 captured from a HL-60 (left) or THP-1 (Wright et al.) 
lysate injection over surface immobilized Hermes-3-mAb (7369 RU for HL-60 and 6808 RU for THP-1). 
The lysate injection is not shown. The sensograms are corrected for the bulk refractive index and 
nonspecific interactions using anti-MsIgG2a isotype-control (7834 RU for HL-60 and 6852 RU for THP-1). 
KD, koff-apparent and kon-apparent were determined as described in Fig. 3-8. (D) Summary of binding constants 
of CD44/dE-selectin at 50 mM NaCl captured from different cell lysates from four independent 
experiments. The binding study was performed and analyzed as described in Fig. 3-8A. (E) Adhesion bar 
graph for the blot rolling assay (rolling cells/mm2) for CHO-E cells perfused over SDS-PAGE 
immunoblots of HECA-452-reactive membrane glycoproteins of either KG1a, HL-60 or THP-1 cells at 
0.25 dyne/cm2 and buffer NaCl concentrations of 150 mM. Immunoprecipitates of CD44/HCELL from 
KG1a, HL-60 or THP-1 cells were resolved by SDS-PAGE and blotted for HECA-452 prior to performing 
the assay (as described for Fig. 3-9). To control for the specificity of CHO-E binding to membrane 
glycoproteins, EDTA was added to the buffer containing the CHO-E cells before use in adhesion assays 
(gray bars). After cell perfusion, the numbers of rolling cells/field were counted in four distinct fields of 
view in each experiment. The adhesion bar graph is representative of three independent experiment and 
data reported as the mean ± SEM.  

3.4 Discussion 
In this study, we demonstrated the feasibility of performing quantitative real-time-IP 

from cellular extracts on an SPR-chip and applied this method to study the interaction of 

CD44/HCELL and PSGL-1 with E-selectin (Dimitroff et al., 2001a; Merzaban et al., 

2011). This novel approach allows researchers to look directly at native ligands expressed 

on the particular cell of interest. Purified native CD44/HCELL bound recombinant dE-

selectin with a KD value of 137 ± 6 nM at 50 mM NaCl whose binding displays 

remarkably slow association (1200 ± 82 M-1s-1) and dissociation (1.7x10-4 ± 0.1x10-4 s-1) 

rates (Figs. 3-8A and E). At 200 mM NaCl, the KD increased to 663 ± 48 nM (Figs. 3-8, 

B and E). Interestingly, kon-apparent was more sensitive to ionic strength than was koff-apparent 

(Figs. 3-8, B and E), suggesting that CD44/HCELL relies on electrostatic interactions to 

initiate its contact with E-selectin prior to forming more specific interactions and firm 

binding with E-selectin. Although the crystal structure of the lectin domain of E-selectin 

in complex with sLex suggests binding is primarily electrostatically mediated (Somers et 

al., 2000), these interactions are extensive and able to resist the increased salt in our 

assay. 
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PSGL-1 shared many features with CD44/HCELL binding to recombinant E-

selectin. The KD was similar to CD44 at 50 mM but was two-fold lower at 200 mM NaCl 

(Fig. 3-8). The kon-apparent and koff-apparent were also comparable to CD44 and exhibited 

slow on- and off-rates with the on-rate more sensitive to the ionic strength than was the 

off-rate (Fig. 3-8E). These binding kinetics were manifested in the functional blot-rolling 

assay where PSGL-1 displayed slightly more sensitivity to increasing salt than CD44 

(Figs. 3-9, A and B). Single-cell tracking of the blot-rolling results revealed that the 

rolling parameters of PSGL-1 − velocity, adherence and rolling distance − were similar to 

CD44 at salt concentrations between 50−150 mM NaCl but weaker at 200 mM (Fig. 3-

9C). Using this quantitative approach we concluded that binding of E-selectin to 

CD44/HCELL and PSGL-1 is very similar but CD44/HCELL displays slightly better 

binding at and above physiological salt concentrations. These results also suggest the 

tendency of E-selectin to bind its ligands is more dependent on the sLex decoration. 

 

Using our SPR approach, we further characterized glycans required to support E-

selectin binding. Prior studies in which whole cell lysates were used in conjunction with 

functional blot rolling assays reported that N-glycans rather than O-glycans are the key 

contributors to CD44/HCELL binding to E-selectin (Dimitroff et al., 2001a). However, 

our data revealed that the removal of either N- or O-glycans resulted in a marked 

reduction in CD44 binding to E-selectin (Fig. 3-7). Nonetheless, O-glycans alone were 

able to form a stable complex with E-selectin, albeit weaker than when both O- and N-

glycans were present (Figs. 3-7, C and D). Hence, these data reveal, for the first time, a 

role for O-glycans in CD44/HCELL-mediated interactions with E-selectin, indicating that 

O- and N-glycans are comparable scaffolds for sLex. We suggest the reason for not 

detecting this previously is that the O-glycans could have been masked by other E-

selectin ligands expressed on the surface (Dimitroff et al., 2001a). Indeed, a variant 

CD44/HCELL isoform isolated from colon carcinoma LS174T cells binds E-selectin in 

an O-glycan-dependent manner (Hanley et al., 2005). 

 

We also extended these studies to look at dE-selectin binding to CD44 isolated from 

two other leukemic cell lines, THP-1 and HL-60 cells. The current study is the first to 
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show the expression of an E-selectin binding form of CD44 on THP-1 cells. However, 

the existence of an E-selectin binding form of CD44 on HL-60 cells is somewhat 

controversial. One study suggests that HL-60 cells roll on bone marrow endothelial cells 

likely through interactions via PSGL-1 and E-selectin since HECA-452 (anti-sLex 

antibody) reactivity appeared to be greatest at the molecular weight of monomeric PSGL-

1 (~120kDa) in a whole cell lysate of HL-60 cells (Dimitroff et al., 2001a). This study 

however, does not look specifically at CD44 on HL-60 cells and in fact since the 

expression of CD44 is indeed lower on HL-60 cells compared to KG1a cells, the sLex 

staining may be too faint to detect. In a later study, CD44 isolated from HL-60 cells is 

able to support E-selectin and some P-selectin binding but significantly less compared to 

KG1a cells (Hanley et al., 2006). This study by Hanley et al. (Hanley et al., 2006), also 

shows that the standard form of CD44 (CD44s; ~80-95kDa) on HL-60 cells is recognized 

by the HECA-452 antibody suggesting that it is decorated by sLex. Here we show in a 

direct manner that CD44 isolated from HL-60 cells is decorated with sLex as determined 

by HECA452 reactivity, is able to bind dE-selectin using western-blot and our SPR 

assay, and is able to support the rolling of CHO-E cells under flow (although with a 

rolling velocity that is faster than that measured for CD44 isolated from KG1a cells). 

Hence this is the first study to show that CD44 isolated from THP-1 and HL-60 leukemic 

cell lines binds E-selectin. It is important to note that on a per cell basis, the expression of 

CD44/HCELL varies among each of these cell lines and may therefore have a more 

prevalent role as an E-selectin ligand on KG1a cells, where higher amounts of 

CD44/HCELL are expressed compared to THP-1 and HL-60 cells (Figs. 3-11, A and B). 

 

To our knowledge, this is the first documented binding kinetics of E-selectin to 

PSGL-1 or CD44 determined by SPR although binding has been measured for another E-

selectin ligand, E-selectin Ligand-1 (ESL-1) (Wild et al., 2001). ESL-1 binds mE-selectin 

with a 100-fold higher KD than our reported KD for CD44 or PSGL-1 binding to the dE-

selectin. We suspect this is likely the result of the use of mE-selectin. 

 

Monomeric forms of selectins act differently than dimeric or oligomeric (i.e., 

clustered) forms of selectins. A review of the SPR literature with reference to whether the 
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monomeric or dimeric selectin was used to calculate the KD values is presented in Table 

3-1. The data presented here show that the mE-selectin binds with fast-on/fast-off kinetics 

while dE-selectin binds with slow-on/slow-off kinetics to both PSGL-1 and 

CD44/HCELL. Previous SPR studies using monomeric forms of selectins (P-, L- and E-

selectin) confirm that binding is transient (Table 3-1) (Deban et al., 2010; Klopocki et al., 

2008; Mehta et al., 1998; Molenaar et al., 2002; Nicholson et al., 1998; Phan et al., 2006; 

Somers et al., 2000; Waldron and Springer, 2009; Wild et al., 2001). In fact, a direct 

comparison of monomeric with dimeric P-selectin binding kinetics to PSGL-1 clearly 

indicates that by dimerizing P-selectin, the KD is significantly reduced with slow-

on/slow-off rates measured (Molenaar et al., 2002). Using a micropipette technique to 

analyze two-dimensional binding of mE-selectin or dE-selectin with mPSGL-1 or 

dPSGL-1, a recent study showed that mE-selectin binds equally to both mPSGL-1 and 

dPSGL-1; however, dE-selectin binds better to dPSGL-1 (Zhang et al., 2013). This 

implies that the reason why dE-selectin binds tighter than mE-selectin is that the ligand is 

either a dimer (i.e. dPSGL-1) or has multiple binding sights (i.e., CD44/HCELL). Indeed, 

previous studies proposed that dimerization of both PSGL-1 and P-selectin stabilizes 

tethering and rolling likely by increasing “rebinding” within a bond cluster so if one bond 

dissociates, there is an opportunity for it to rebind, because the cell remains tethered by 

the second bond and this prolongs the overall lifetime of the initial tether, allowing time 

for the cell to form new bonds (Mehta et al., 1998; Ramachandran et al., 2001). 

 

Considering their function in the adhesion cascade of mediating cell tethering and 

rolling, selectins are hypothesized to bind their ligands with very fast association and 

dissociation rates. A consequence of this significant difference in kinetics between the 

monomeric and dimeric forms is that the kon is substantially lower (by 100-10,000 fold), 

which would preclude the selectin from binding its ligand with fast association to capture 

cells from the flow and would bring into question its role in the first step of the adhesion 

cascade. A model may be thus envisioned where initially the monomeric form of the 

selectin mediates the fast-on/fast-off kinetics that helps to tether the cell, thereby leading 

to dimerization/oligomerization of the selectin on the endothelial cell, which 
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subsequently mediates the slower on and off kinetics likely responsible for the slower 

rolling often associated with E-selectin (Kunkel et al., 1996; Kunkel and Ley, 1996a). 

 

A mechanism often adopted by low-affinity receptors to reinforce the avidity of their 

interactions with their ligands, and thus to slow the koff of a biochemical interaction, is 

dimerization/oligomerization of the receptor. Dimerization has been shown to be 

important in the functioning of P-selectin and L-selectin (Li et al., 1998; Molenaar et al., 

2002; Ramachandran et al., 2001) and is suggested to create a functional advantage by 

influencing the rolling velocity and firm adhesion of leukocytes. The present study is the 

first to highlight a direct difference in the ability of the monomeric and dimeric forms of 

E-selectin to bind ligands and correlate with previous studies of other selectins. Indeed, 

early studies indicated that physiological evidence exists for both monomeric and 

oligomeric selectins (Barkalow et al., 2000; Ushiyama et al., 1993). Our results, in 

conjunction with previous work, underscore the importance of particular cell surface 

presentations of selectins or their ligands during leukocyte rolling on vascular surfaces 

under flow. Recent studies elaborated on the existence and significance of P- and E-

selectin clustering and on the regulation of P-selectin clustering in leukocyte recruitment 

(Doyle et al., 2011; Kiely et al., 2003b; Poeter et al., 2014; Setiadi and McEver, 2008; 

Yoshida et al., 1996). These studies so eloquently show that clustering of P- and E-

selectin in clathrin-coated pits and lipid rafts of endothelial cells supports slower rolling 

of leukocytes by forming bond clusters with PSGL-1 and that if these structures are 

disrupted, rolling is inhibited. Furthermore, the dimerization/oligomerization of P-

selectin on endothelial cells is actually mediated by a tetraspanin, CD63, which is 

essential for correct organization and function of P-selectin (Doyle et al., 2011). 

Moreover, CD63 is regulated by annexinA8, a membrane trafficking protein required for 

the delivery of CD63 to Weibel-Palade bodies where P-selectin is stored (Poeter et al., 

2014). No publication to date has reported such mechanisms of regulation of E-selectin 

oligomerization. 

 

Many studies have focused on the hypothesis that deals with the monomer form 

where cell adhesion is limited by its off rate and therefore suggestions about the 
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mechanism to compensate this weak binding have focused on models where changes in 

the conformation of the selectin increase bond lifetimes or increase avidity through 

clustering (as discussed above). The former hypothesis refers to that of a “catch-bond”, 

where the catch-bond lifetime increases under shear force. This model is largely based on 

the interaction of P-selectin with PSGL-1 and is supported by single molecule optical 

tweezer assays that show the lifetime of the interaction between P-selectin and its ligand 

increases as the force increases before it starts to decrease when the force exceeds the 

intrinsic affinity of this interaction (Evans et al., 2004). Biochemical, structural and SPR-

binding studies mapped this mechanism to an extended conformer of P-selectin that 

bound PSGL-1 with five-fold lower KD (slower on and off rates) than the bent one. The 

catch-bond model therefore proposes that P-selectin binding is limited by its low affinity 

and that shear force is required to promote the formation of the extended conformer. 

However, the extended conformer is also formed upon binding to sLex in the absence of 

shear force (Phan et al., 2006; Waldron and Springer, 2009). A recently published 

structure of E-selectin complexed with glycomimetic ligand (Preston et al., 2014) shows 

an extended structure similar to that of P-selectin with a PSGL-1 fragment, suggesting 

that an extended conformer may also exist for E-selectin. This could thereby operate in 

coordination with oligomerization of selectins to enhance their affinity to their ligands. 

 

In addition to the oligomerization of selectins, clustering of their ligands could 

provide a parallel mechanism to stabilize rolling (McEver and Zhu, 2010). This clustering 

is likely mediated via interactions with the cytoskeleton either directly through adaptor 

proteins, such as ERM (ezrin/radixin/moesin) and ankyrin, or indirectly through proteins 

enriched within lipid rafts (Miner et al., 2008; Wang et al., 2014). Interestingly, a recent 

study suggested that the clustering mediated by ankyrin binding to the cytoplasmic 

domain of CD44 enhances its binding to E-selectin under flow (Wang et al., 2014). Using 

the assay outlined here it would be difficult, however, to address the effect of ligand 

oligomerization on binding to E-selectin. The oligomerization state of the captured 

molecules is unknown and is likely heterogeneous (Wang et al., 2014) but also the state 

of the ligands on the cell membrane is different than that in solution since at least in some 

cases this oligomerization is regulated by the cell cytoskeleton. To further understand the 
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contribution of ligand clustering to binding kinetics using an SPR approach future 

experiments may be developed to use live cells where manipulation of the ligands in the 

cell membrane could be tested.  

 

The coupling of real-time IP from cellular extracts with SPR enabled us to bypass the 

complex and challenging steps involved in expressing and purifying native glycoforms of 

CD44 and PSGL-1. This method is exceptionally fast and robust once optimized for a 

particular mAb and ligand capturing. It provides binding information that generally 

agrees with results derived from traditional IP and western-blot analysis. However, it also 

provides the added advantage of being quantitative, sensitive to residual and transient 

binding, and comparative, i.e., it allows the ability of the antibody to bind various ligands 

and post-translational modifications of its specific antigen/ligand to be factored in.
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4.1 Introduction: 

CD34 is a highly glycosylated transmembrane protein that is expressed by hematopoietic 

stem cells (HSPCs). CD34 is a member of the CD34 subfamily of sialomucins composed of a 

highly O-glycosylated extracellular domain (258 AAs) with 7 to 9 potential N-glycosylation 

sites followed by a trans-membrane region (22AAs) then naturally occurring splice variant 

results in expression of either a full length (73 AAs) or cytoplasmically truncated form 

(16AAs) of the glycoprotein (Fig. 4-1) (Chan and Watt, 2001; Furness and McNagny, 2006; 

Krause et al., 1996; Lanza et al., 2001; Steen et al., 1996). Clinically the CD34 marker is used 

to help enrich donor bone marrow with HSPCs prior to bone marrow transplantation. In 

addition to HSPCs, CD34 has also more recently been implicated as a marker on other adult 

stem cell populations such as muscle satellite cells (Alfaro et al., 2011; Beauchamp et al., 

2000), epidermal precursors (van de Ven et al., 2011) and endothelial progenitor cells (Yang et 

al., 2011). Despite CD34 expression patterns on these adult stem cell populations, its exact 

function remains unclear.  

One of the main functions of CD34 explored to date is its ability to enhance proliferation 

of stem cells (Alfaro et al., 2011; Cheng et al., 1996; Dooley et al., 2004) and block their 

differentiation (Fackler et al., 1995; Salati et al., 2008; Zini et al., 2008) stemming from the fact 

that it’s expression is mostly restricted to HSPCs and is lost upon differentiation to more 

mature lineage cells (reviewed in (Krause et al., 1996)). Studies have also suggested that human 

HSPCs exist in two functional states depending on the presence or absence of CD34 antigen 

(Bhatia et al., 1998). Indeed comparison of the CD34+ and CD34- fraction isolated from lineage 

negative/CD38- mobilized adult human peripheral blood revealed that the expression of CD34 

coincides with proliferation (Dooley et al., 2004). Additional studies using CD34+ M1 leukemic 

cells also implicate that full length CD34 is necessary for downstream signaling contributing to 

an undifferentiated phenotype (Fackler et al., 1995; Krause et al., 1996; Nakamura et al., 1993), 

implying that CD34 also helps to inhibit differentiation of hematopoietic cells.  

CD34 has also been shown to influence adhesion and migration of various cell types. The 

most renowned function of CD34 is its role in the recruitment of lymphocytes to the specialized 
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high endothelial venules (Yang et al.) lining the secondary lymphoid organs (SLO) 

(Beauchamp et al.). Naïve T cells home to SLOs in a multi-step process that involves initial 

tethering and rolling interactions (Step 1) mediated by L-selectin expressed on the migrating 

naïve T cell with CD34 (Baumheter et al., 1993) (and other peripheral node addressins). This is 

followed by chemokine activation (Step 2), integrin-mediated firm adhesion (Step 3) and 

transendothelial migration (Step 4). The binding of L-selectin to CD34 is mediated by a post-

translational addition of a sulfated form of sLex (Baumheter et al., 1993; Hemmerich et al., 

2001; Hemmerich et al., 1994; Hernandez Mir et al., 2009; Leppanen et al., 2003; Puri et al., 

1995; Tangemann et al., 1999) to the mature CD34 molecule specifically expressed on high 

endothelial venules (and not on CD34 expressed on other vascular endothelial cells). This 

influence in adhesion and migration is extended in various cell types for example, Healy et al. 

provided evidence that ectopic expression of CD34 in murine T cells promoted their binding to 

human (but not mouse) bone marrow stromal cells suggesting that CD34 may bind a counter 

receptor expressed on human bone marrow endothelial cells and promote their homing (Healy 

et al., 1995). Also, in another experiment where UCB mononuclear cells were subdivided into 

three distinct populations based on their surface CD34 antigen expression and transplanted into 

NOD/SCID mice using tail vein injection. All mice transplanted with Lin- CD34high cells were 

engrafted with human cells while neither Lin-CD34low cells nor Lin- CD34- cells were engrafted 

with human cells (Wang et al., 2003). Supporting this hypothesis, studies using CD34null mice 

(Drew et al., 2005; Nielsen and McNagny, 2007; Nielsen and McNagny, 2008) indicate that 

CD34 enhances trafficking and migration of hematopoietic cells but the precise mechanism has 

not been fully explored. Gene expression studies comparing lineage negative fractions of 

human peripheral blood HSPCs that either express the CD34 antigen or not, have implied that 

CD34 expression is related to cell cycle entry, metabolic activation and HSPC mobilization and 

homing whereas the CD34 negative subsets are more kinetically and functionally dormant 

(Manfredini et al., 2005). Specifically, Manfedini et al. found that the induction of CD34 is 

correlated with genes associated with self-renewal such as the master regulators of HSPC self-

renewal (Calvo et al., 2001), HOXA9, Meis1 and PBX2. These gene expression studies also 

emphasize the role of CD34 in adhesion and migration/engraftment of HSPCs CD34+ 

(Manfredini et al., 2005) suggesting that CD34 is also important for heightened homing and 
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engraftment potential as supported previously by many in vivo studies with human (Dao et al., 

2003; Dooley et al., 2004; Gao et al., 2001; Lemoli et al., 2003; Verfaillie et al., 2000) and 

mouse (Alfaro et al., 2011; Drew et al., 2005; Maltby et al., 2010; Nielsen and McNagny, 2008; 

Nielsen and McNagny, 2009) hematopoietic cells.  

 CD34 is a highly glycosylated transmembrane protein that is expressed by hematopoietic 

stem cells (HSPCs). CD34 is a member of the CD34 subfamily of sialomucins composed of a 

highly O-glycosylated extracellular domain (258 AAs) with 7 to 9 potential N-glycosylation 

sites followed by a trans-membrane region (22AAs); a naturally occurring splice variant results 

in expression of either a full length (73 AAs) or cytoplasmically truncated form (16AAs) of the 

CD34 glycoprotein (Fig. 4-1) (Chan and Watt, 2001; Furness and McNagny, 2006; Krause et 

al., 1996; Lanza et al., 2001; Steen et al., 1996).  

 

Figure  4-1. Schematic representation of human CD34 structure including the recognition classess of 
antibodies.  
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The N- terminus (top of diagram) begins with a highly O-glycosylated mucin rich domain attributed to the 

35% of serine and threonine residues; this region is also decorated with 7 to 9 N-glycosylation sites and contains 
recognition domains for Class 1 and 2 antibodies. Below the mucin rich domain lies the globular region with an 
estimated disulfide linkage based upon the full-length DNA sequence. Between the globular region and the 
cytoplasmic domain lies the transmembrane domain that anchors the glycoprotein to the cell membrane. The 
cytoplasmic tail can be either full-length or be truncated which lacks two potential PKC phosphorylation sites as 
well as a potential tyrosine phosphorylation site (C-terminal). CD34 epitopes are classified according to their 
glycan modification and reactivity with different classes of antibodies. Class 3 epitopes antibodies (recognized by 
Class 3 antibodies such as 563, 581, 4H11) are broadly expressed by HSPCS and leukemic blast, and are resistant 
to proteases such as chemopapain, neuraminidase and glycoprotease from Pasteurella haemolytica. Class 2 
epitopes (recognized by Class 2 antibodies such as QBend-10) are sensitive to digestion with chemopapain and 
glycoprotease but are resistant to neuraminidase treatment. Class 1 eptitopes (recognized by Class 1 antibodies 
such as My-10) are degraded by the three enzymes (Chan and Watt, 2001; Croockewit et al., 1998).  

4.2 Objectives: 
In this chapter, our main goal was to fully identify and characterize E/P-selectin ligand 

candidates expressed on CD34 P

+
P HSPCs. We sought to determine the link between CD34 

expression and the concurrent hematopoietic activation that leads to its enhanced homing. Also 

we aimed to biochemically identify and validate additional potential ligands for vascular 

selectins on human HSPCs that are involved in the first step of the homing process. Our 

findings thus offer novel perspectives on the proposed mechanism of action of human CD34 

expressed on hematopoietic cells in migration through the interaction of CD34 with vascular 

selectins.  

4.3 Results:  

4.3.1 CD34+ HSPCs express more E-selectin ligands than CD34- HSPCs. 
Although much study has focused on using CD34 as a marker of HSPCs, there is a 

significant amount of evidence that HSPCs also reside in the CD34 negative fraction of the 

bone marrow (Dooley et al., 2004; Osawa et al., 1996; Zanjani et al., 1998). Interestingly, the 

expression of CD34 on lineage depleted CD38 P

-
P bone marrow coincides with the enhanced 

ability of HSPCs to home in vivo (Nielsen and McNagny, 2007; Sonoda, 2008). Given the 

requisite expression of E-selectin ligands for HSPC homing to bone marrow (Dimitroff et al., 

2001a; Katayama et al., 2003; Merzaban et al., 2011), we sought to analyze the E-selectin 

ligands expressed on CD34 P

+
PCD38P

-
P versus CD34P

-
PCD38P

-
P cells. These populations were enriched 

from the lineage negative (LinP

-
P) fraction of mononuclear cells isolated from human bone 
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marrow using a cocktail of mAbs directed against a variety of lymphoid, myeloid, and 

erythroid antigens combined with CD7, a recently identified lymphoid marker to purify 

primitive repopulating cells in the CD34- fraction (Gallacher et al., 2000) (Fig. 4-2A). The 

frequency of Lin-CD38-CD34- was higher than Lin-CD38-CD34+ with 15% vs 1%, respectively 

which is consistent with previous studies (Dooley et al., 2004) (Fig. 4-2A). Flow cytometric 

analysis comparing the Lin-CD38-CD34+ and Lin-CD38-CD34- fractions showed enhanced E-

selectin binding to the CD34+ over the CD34- population (Fig. 4-2B, left panel; n = 4). As 

evident in the western-blot of lysates prepared from both fractions of cells with dE-selectin, 

many more E-selLs are expressed in the CD34 positive fraction than in the negative fraction 

(Fig. 4-2B, middle panel). It should be noted that CD34+ bone marrow cells (isolated using 

anti-CD34 microbeads), the population often used in bone marrow transplants, express more E-

selLs than Lin-CD38-CD34+ population (Fig. 4-2B, middle panel). The protein concentration of 

each extract was normalized using BCA kit and β-actin staining (Fig. 4-2B, right panel). To 

determine whether this difference in E-selectin binding was due to differential expression of E-

selLs, the expression of the common E-selLs expressed on HSPCs, CD44, PSGL-1 and CD43 

(Merzaban et al., 2011), were analyzed by flow cytometry. As shown in Fig. 4-2B (right panel), 

the only ligand expressed in both sub-populations was CD44 (72% ± 6% and 68% ± 20% 

positive cells in the CD34- and CD34+ populations, respectively; n = 3). Western-blot analysis 

of the whole cell lysates of each population further confirmed that CD44 expression in the 

CD34- fraction was higher than in the CD34+ population. Interestingly, although the CD44 

expression was higher, it could not stained with HECA-452 (data not shown) nor function as an 

E-selL (Fig. 4-2B, middle panel). Analysis of CD43 and PSGL-1 showed that they were 

expressed at low levels or absent (66.5% ± 24% vs. 20% ± 4% for CD43 and 51% ± 11% vs. 

13% ± 4% for PSGL-1 positive cells in the CD34- and CD34+ populations, respectively, 

p<0.05) (Fig. 4-2B, right panel n = 3) from the Lin-CD38-CD34- population. Overall, these 

results support that E-selectin binding is more pronounced on CD34+ fraction than on CD34- 

fraction due partially to the differential expression E-selLs between the 2 populations.  
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Figure  4-2. Differential expression of E-selectin ligands on CD34- and CD34+ HSPCs subsets isolated from 
the Lin- CD38- fraction of human bone marrow. 

(A) Overview of the gating strategy used to isolate CD34–CD38- and CD34+CD38- fractions by flow 
cytometric sorting from lineage-depleted bone marrow mononuclear cells. Left panel, dot blot represents the cell 
surface expression of a cocktail of lineage markers (CD2, CD3, CD11b, CD14, CD15, CD16, CD19, CD56, 
CD123, and CD235a) combined by CD7. Cells residing in the negative fraction (R1) were further analyzed for the 
expression of CD38 antibody (middle panel). CD38 negative cells were gated (R2) and subdivided into 2 sub-
population based on CD34 expression, CD34+ and CD34- residing in R3 and R4 gate respectively (right panel). 
Data shown is representative of n = 4 experiments. (B) Left panel, representative flow cytometric histograms (n = 
4 experiments) of the E-selectin binding profile of CD34+ and CD34- subpopulations isolated as depicted in (A). 
Shaded curve shows EDTA control (20 mM) while dotted and solid curve shows the specific binding of CD34- and 
CD34+ subpopulations respectively. Middle panel, lysates of CD34+ bone marrow cells, Lin-CD38-CD34+ subset 
and Lin-CD38-CD34- subset isolated from human bone marrow were normalized for total protein level and 
subjected to western-blot analysis. Membranes were blotted with recombinant dE-selectin chimera, CD44 or β-
actin followed by isotype matched HRP–conjugated mAb for visualization. This is representative of n = 2 
independent experiments. Right panel, flow cytometric analysis of E-selLs expressed on the 2 subpopulations 
isolated as in (A) are shown as the average % of expression (above the isotype control) of n = 3 independent 
experiments. *P < 0.05 relative CD34- subpopulation. 

4.3.2 E-selectin binds CD34 expressed on human HSPCs. 

In order to fully elucidate all non-canonical E-selectin ligands expressed on CD34+ HSPCs 

(Fig. 4-2B, middle panel), we used a mass spectrometry (MS)-based proteomics approach. dE-
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selectin was used to IP E-selLs from whole cell lysates of primary HSPCs (bone marrow-

CD34+). Proteins that bound dE-selectin were resolved by SDS/PAGE and the bands were 

identified using LTQ Orbitrap Mass Spectrometer (MS). MS of samples prepared from human 

CD34+ cells identified a number of potential E-selLs (Table 4-1).  

Table  4-1. Summary of potential E-selectin ligands expressed on bone marrow-CD34+ cells identified 
by mass spectrometry. 

 

Among several ligands recognized by MS with P value < 0.01, our dataset verified the 

presence of the well-known HSPC ligands, CD44, CD43 and PSGL-1(Dimitroff et al., 2001a; 

Katayama et al., 2003; Merzaban et al., 2011). Surprisingly, the MS data also identified the 

potential of a previously unrecognized E-selectin ligand, CD34, to function as a ligand on 

HSPCs. To validate the binding activity of CD34 antigen to E-selectin, a series of western-blots 

were performed. CD34 immunopreciptates were prepared from lysates of CD34+ fractions of 

normal UCB and bone marrow as well as acute myeloid leukemia cells (KG1a and CD34+ bone 

marrow from AML patients) that were normalized for protein concentration. Western-blots of 

these IPs probed with dE-selectin, revealed a 120 kDa band in all samples tested confirming 

that CD34 isolated from HSPCs was able to bind E-selectin (Fig. 4-3A). Alternatively, the 

reverse experiment was performed where western-blots of dE-selectin IPs were prepared from 
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lysates of all HSPC populations as in Fig. 4-3A and probed for CD34 (Fig. 4-3B). These results 

verified that CD34 is able to bind E-selectin and, interestingly, suggests that CD34 isolated 

from AML cells bound E-selectin to a higher degree than CD34 isolated from their normal 

counterparts. Further, an exhaustive dE-selectin IP (six rounds) was performed on each of these 

cell types. Following the clearance of dE-selectin reactive bands, the residual lysate was IP'ed 

with the anti-CD34 mAb, QBend-10, in order to determine if all the CD34 expressed on these 

cells was removed with the exhaustive dE-selectin IP. Western-blot analysis revealed the 

presence of a CD34 glycoform that was not pulled down by dE-selectin on the AML leukemic 

samples, KG1a and bone marrow-CD34+ (Fig. 4-3C). Indeed staining with the anti-sLex 

antibody, HECA-452, confirmed that this CD34 glycoform present on AML cells did not 

express sLex, which is essential for E-selectin binding (Fig. 4-3D).  

In addition, confocal microscopy was used to visualize the interaction of CD34 (CD34-

mAb; red) and E-selectin (dE-selectin; blue) on KG1a cells that were either pretreated with dE-

selectin for 1h or left untreated (Fig. 4-3E). Using the Imaris Coloc tool, CD34 appeared to be 

co-localized with dE-selectin (Fig. 4-3E). Interestingly, CD34 appears to colocalize into 

clusters following a short exposure to dE-selectin suggesting that CD34 may be recruited to 

lipid rafts following exposure to dE-selectin. Indeed, staining with lipid raft markers (Cholera 

toxin β subunit, green), indicates that dE-selectin appears to induce lipid raft formation and 

CD34 does co-localize to lipid rafts after dE-selectin binding (Fig. 4-3E). 
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Figure  4-3. Western-blot analysis revealed that the sialomucin CD34 is a potential new ligand for E-selectin. 
(A) CD34 was immunoprecipitated (IP) from HSPC cell lysates of CD34+ cells isolated from either normal 

UCB and bone marrow or acute myeloid leukemic cells (KG1a or AML-bone marrow of n = 3 patient samples). 
Lysates were subjected to western-blot analysis and the membranes were blotted with recombinant dE-selectin 
chimera followed by anti-human IgG HRP for visualization. This is a representative blot of n = 3 experiments. (B) 
dE-selectin chimera was first used to IP E-selectin ligands followed by to western-blot analysis to detect CD34. 
The blots were stained using the CD34 class II antibody, QBend-10. This is a representative blot of n = 3 
experiments. (C,D) AML cells express a unique form of CD34 that does not function as an E-selL. Multiple 
rounds of dE-selectin IP were performed on both normal and AML sample cell lysates and following the clearance 
of dE-selectin reactive bands, the residual lysates were IP'ed with CD34 and subjected to western-blot analysis for 
CD34 (QBend-10) (C) and anti-sLex (HECA-452) (D). For (D), only the first elution after dE-selectin IP and the 
CD34 IP are shown. These blots are representative of n = 4 separate experiments. E) KG1a cells were pre-treated 
with dE-selectin chimera or left untreated as described in Chapter 2, Experimental Procedures. To stain for lipid 
rafts, cells were incubated with Alexa-594 conjugated CTB and then crosslinked with anti-CTB at 4oC. For CD34 
staining, cells were then fixed and labeled with antibodies to CD34 (Cy5; red). For dE-selectin detection, 
biotinylated anti-human-Ig followed by AlexaFluor-488 streptavidin (blue). Co-localized volume was analyzed 
using Coloc tool in Imaris software. Cell surface labeling with isotype control or secondary antibody alone served 
as a background control (data not shown). Results are representative of 2 independent experiments, 7 
fields/experiment. 
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4.3.3 CD34 is an E-selectin ligand under flow conditions. 

To examine whether native CD34 on human HSPCs displays functional E-selectin ligand 

activity under flow conditions, 3 different approaches were employed: surface plasmon 

resonance (SPR) based binding assay developed in our lab (AbuSamra et al., 2015), Stamper 

Woodruff assay (Stamper and Woodruff, 1976) and the blot rolling assay (Fuhlbrigge et al., 

2002; Sackstein and Fuhlbrigge, 2009). We compared CD34 binding to the well-established E-

selectin ligand CD44/HCELL (Dimitroff et al., 2001a; Sackstein et al., 2008). The real-time 

binding feature of the SPR binding assay enabled us to isolate endogenously expressed CD34 

and CD44 from human HSPC cell lysate and measure their binding directly to recombinant dE-

selectin. Ligand-specific mAbs (4H11 for CD34, Hermes-3 for CD44) or isotype controls 

(MsIgG) were first immobilized on carboxymethylated dextran sensor chip (CM-5). HSPC 

lysate was then injected over the immobilized antibodies to capture the respective ligands from 

solution which caused an increase in response units (RU) as a result of binding of CD34 and 

CD44 to their respective antibodies compared with only residual RU in the control flow cells 

that did not contain mAb (blank) or contained an isotype control (MsIgG) specific for the mAb 

of interest (isotype) (Fig. 4-4A). Further we verified the purity of captured CD34 due to 

potential multi-ligand complexes by recovering the 4H11 mAb-bound protein as described in 

Chapter 2, Experimental Procedures, after introducing a 5-min buffer washing step at the end of 

the lysate injection and analyzing the recovered protein by western-blot. Immunostaining with 

CD34 mAb verified the presence of CD34 (Fig. 4-4A, inset), while immunostaining for the 

presence of PSGL-1, a highly expressed E-selL on hematopoietic cells, verified the absence of 

this other potential contaminant (Fig. 4-4A, inset). We estimated the efficacy of mAb to capture 

its respective ligand based on Equation-1 and the maximum RU reached at the end of the lysate 

injection and just prior to the start of the wash with buffer (RUmax) (546 and 559 RU in CD34 

and CD44, respectively before normalization) (data not shown), and estimated that both mAbs 

(~150 kDa) captured CD34 (120 KDa) and CD44 (~80 kDa) with only 16.4% and 38.6% 

efficiency, respectively. In general, we observed low ligand capturing efficiency, which we 

attributed to the immobilization of the mAb (rendering its binding site inaccessible) with 

observed faster dissociation rate constant (koff) by 8.6-fold during the washing step for CD34 

binding relative to CD44 binding (Fig. 4-4B). We next examined the binding of the 
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CD34/4H11 mAb and CD44/Hermes3 mAb complexes to interact with E-selectin. First we 

assessed the specificity of this interaction by injecting dE-selectin in the presence of EDTA (5 

mM) which abrogated the binding between dE-selectin (177 nM) and both complexes while a 

marked increase in RU was restored during the introduction of Ca2+ with dE-selectin (177 nM) 

injection (Fig. 4-4B). It should be noted that dE-selectin displays either no or minimal binding 

to either isotype or blank controls (Fig. 4-4A). The koff-apparent of the dissociation phase, which 

consists of the dissociation of CD34 or CD34/dE-selectin from 4H11 mAb as well as the 

dissociation of dE-selectin from CD34/4H11mAb, was 3.3× 10−4 s−1 (Fig. 4-4B).  

In addition to the SPR based-IP approach, we also utilized the Stamper Woodruff assay to 

further analyse the ligand activity of CD34 ligand IP’ed from both primary HSPCs (bone 

marrow-CD34+) and KG1a cells. Co-incubation of E-selectin transfected cells (CHO-E) with 5 

mM EDTA served as a negative control. These studies revealed that CD34 supported CHO-E 

cells adherence from both bone marrow-CD34+ cells (14±2 bound cells per field; 6 fields 

counted, n = 2) and KG1a cells (26±2 bound cells per field; 6 fields counted, n = 2), whereas 

no binding was observed with EDTA (Fig. 4-4C).  

Finally, to examine whether CD34 on human CD34+ cells display functional E-selectin 

ligand activity under physiologic flow conditions, we performed the blot rolling assays on 

HECA-452 stained blots of CD34, in addition to CD44/HCELL, CD43 and PSGL-1, 

immunoprecipitated from lysates of human KG1a cells (Fig. 4-4D). E-selectin transfected CHO 

cells (CHO-E) displayed rolling interactions on all ligands IP'ed from KG1a cells (Fig. 4-4D). 

CD34 supported significant rolling of CHO-E cells equivalent to the well-known E-selL, 

HCELL. Moreover, CD43 supported the least amount of CHO-E rolling of all the ligands 

tested. Specificity for E-selectin binding was confirmed by the observed elimination of binding 

in the presence of EDTA or using CHO-mock cells (Fig. 4-4D). According to our condition, the 

average result of 7 different experiments, 4 field of view each displayed relevant rolling 

interactions of CHO-E over CD34 was comparable to rolling over PSGL-1 and HCELL. 

Overall these binding studies revealed that CD34 is a functional E-selL on human HSPCs and 
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suggests that CD34 may be important for directing the migration of human HSPCs to E-selectin 

expressing sites.  

 

Figure  4-4. Binding assays under flow confirm that CD34 is a ligand for E-selectin. 
(A) Raw data of KG1a lysate injection on CM5 chip flow cells: blank (black line), immobilized CD34-mAb 

(4H11) (7360 RU; black dashed line), immobilized CD44-mAb (Hermes3) (5200 RU; gray dashed line), and 
immobilized isotype control (4377 RU; gray line); the mAb immobilization (step 1) is not shown. Arrows mark 
the start and end of the lysate injection followed by washing with running buffer. The sensograms are uncorrected 
for the bulk refractive index of the buffer and therefore display a large increase in RU during the lysate injection. 
Inset, the specificity of captured glycoproteins on the chip were further confirmed by eluting the captured CD34 
from the chip as described in Chapter 2, Experimental Procedures. Resultant proteins were subjected to western-
blot analysis and stained for either CD34 (left panel) or PSGL-1 (right panel). (B) Normalized value of crude 
lysate injection from isotype control our reference cell, to remove bulk refractive index and the nonspecific 
interaction with the antibody. Further normalization was applied to even out the difference in the level of mAb-
captured CD34 and CD44 by multiplying the entire sensogram by a normalization factor that was defined based on 
its relative RU just prior to dE-selectin injection to the RU in the flow cell with the highest accumulation. 
Following a brief washing step, the Ca2+-dependent binding of both ligand to dE-selectin were measured by 
injecting dE-selectin (177 nM) in the presence of 5 mM EDTA and then in the presence of 1 mM CaCl2. koff is the 
dissociation rate constant for CD34 and CD44 from their respective mAb and koff-apparent is for dE-selectin or 
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CD34/dE-selectin or CD44/dE-selectin from their respective mAb as well as dE-selectin from the complexes 
CD44/Hermes-3-mAb or CD34. 4H11-mAb (n = 3 independent experiments). (C) CD34 immunoprecipitates were 
prepared from lysates of bone marrow-CD34+ and KG1a cells and spotted on glass in order to test for CHO-E 
binding using a Stamper Woodruff assay as described in Chapter 2, Experimental Procedures. Adherent CHO-E 
cells were counted by light microscopy using an ocular grid under 20X magnification (7 field per slide, 2 slide per 
experiment; n = 2 independent experiments). (D) Blot rolling assays were performed on western blots of CD34, 
CD44, CD43, and PSGL-1 immunoprecipitates from KG1a cells stained for HECA-452. In each case, the ligands 
were subjected to western-blot and stained for HECA-452. CHO-E cells were subsequently perfused over 
immunoprecipitated glycoproteins at 0.25 dyne/cm2. After cell perfusion, the numbers of rolling cells/field in 4 
distinct fields of view were counted (black bars). To control for specificity of CHO-E binding to membrane 
glycoproteins, EDTA was added to the buffer containing CHO-E cells before use in adhesion assays (gray bars). 
Nonspecific adhesion was assessed by perfusing mock-transfected CHO cells (CHO-M) over the same region of 
the blot (at CD34, CD44, CD43, and PSGL-1) (white bars). Results shown reflect the average of rolled cells over 
the HECA-452 blots of n = 7 membrane preparations from 4 field of view each. Data are mean± SEM (error 
bars). *P< 0.05, **P< 0.01, ***P< 0.001. 

4.3.4 The Equilibrium Binding Constants of Endogenous E-selectin Ligands expressed 
on HSPCs. 

We next sought to directly compare the binding affinities of a number of E-selLs (CD44, 

CD34, CD43 and PSGL-1) expressed on KG1a cells by consecutive dE-selectin injection at 

physiological NaCl concentration (150 mM) using SPR based IP assay. An obstacle to 

measuring the affinities of E-selLs using this assay is the variation in the dissociation rate of 

captured ligand from its corresponding antibody, which directly affects the estimated 

association and dissociation rates. In order to overcome this, we covalently coupled the 

antibody to its captured ligand after lysate injection and subsequent brief washing using amine 

coupling. Using a steady-state model, the KD, estimated koff-apparent and kon-apparent were 

calculated for the E-seLs (Fig. 4-5A and Table. 4-2). We observed that the KD for CD34, CD44 

and PSGL-1 binding to dE-selectin (236.7 ± 38, 233 ± 9 and 259 ± 34 nM respectively; n = 3) 

was similar while that for CD43 (442 ± 47 nM; n = 2) was increased by 1.8-fold (Table 4-2). 

These results are consistent with the results determined for the blot rolling assay where CHO-E 

cells rolling over CD43 IP were markedly reduced (P<0.05, Fig. 4-5D).  

 

Assuming 1:1 stoichiometry, dE-selectin binding to E-selLs derived from their binding 

isotherm of the interaction (Fig. 4-5A and Table. 4-2) were 54 % ± 17 %, 23 % ± 0.3 %, 19 % 

± 2 and 75 % ± 3 % for CD34, CD44, CD43 and PSGL-1 binding respectively. However, this 

percentage could be an upper estimate because we did not rule out the possibility that each 

ligand could bind more than one dE-selectin molecule. Although dE-selectin bound E-selLs 
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with similar intrinsic binding (comparable kon-apparent and koff-apparent,), PSGL-1 and CD34 were 

found to have a significantly higher dE-selectin binding site than CD44 and CD43 which also 

could translate the lower rolling behavior of CHO-E cells over these ligands in comparison to 

PSGL-1 (P<0.05 and P<0.001 respectively). These data suggest that PSGL-1 displayed the 

highest number of ligand of active sites (P<0.001 for CD44 and P<0.01 for CD43) followed by 

CD34, CD44 then CD43.  

Further analysis of E-selectin binding kinetics to CD34 extracted from primary HSPCs 

bone marrow-CD34P

+
P lysate was done using constitutive injection of serial dE-selectin dilutions. 

Due to the relatively low protein concentration in the bone marrow-CD34P

+
P lysate, limited 

amounts of CD34 (172 RU, data not shown) compared to KG1a cell lysate. However, the dE-

selectin binding displayed a dose-dependent response (Fig. 4-5B); using a steady-state model 

the0T 0Tcalculated4T KRDR0T4T 0Twas 261 nM (Fig. 4-5B). The0T 0Tdissociation rate following the last dE-selectin 

injection in the binding isotherm to give very similar 4Tk4TRoff-apparentR0T values of 0T1.9 x 10P

-4
P s P

-1 
Pto CD34 

extracted from KG1a lysate (our model). We therefore estimated the apparent association rate 

constant (4Tk4TRon-apparentR) to be 728 16TM 16TP

−1
Ps P

−1
P for CD34. Overall, these results demonstrated the relative 

similarities of CD34 binding affinities from bone marrow-CD34P

+ 
Pand KG1a with slow on-/slow 

off-rate kinetics.  

Table  4-2. Summary of affinity and kinetic values for dE-selectin binding to E-selLs, CD34, CD44, 
CD43 and PSGL-1, using a surface plasmon resonance based assay. 

 

CD34 CD44 

1P

st 2P

nd 3P

rd Mean ± SEM 1P

st 2P

nd 3P

rd Mean ± SEM 

KRD  

nM 145 268 297 236.7 ± 38 234 252 214 233± 9 

KRoff-apparent  
SP

-1 2.90E-04 1.60E-04 3.31E-04 2.6E-4 ± 0.4E-4 1.10E-04 2.00E-04 2.73E-04 1.9E-4 ± 0.4E-4 

KRon-apparent  
MP

-1
PSP

-1 2030 597 1054 1230 ± 346 641 792 1280 903 ± 156 

 

CD43 PSGL-1 
1P

st 2P

nd 
 

Mean ± SEM 1P

st 2P

nd 3P

rd Mean ± SEM 

KRD  

nM 508.7 376  442 ± 47 342.5 207 229 259 ± 34 

KRoff-apparent  
SP

-1 4.80E-04 4.20E-04  4.5E-4 ± 0.2E-5 1.50E-04 1.65E-04 2.62E-04 1.9E-4 ± 0.3E-4 

KRon-apparent  
MP

-1
PSP

-1 944 1063.8  1004 ± 43 438 797 1144 793 ± 166 
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Figure  4-5. Determination of the KD for the binding of E-selLs from HSPC lysates to dE-selectin.  

(A) Binding of different concentrations of dE-selectin to E-selLs (CD34, CD44, CD43, PSGL-1) expressed in 
KG1a cell lysate at 150 mM NaCl; the experimental conditions are similar to those in (Fig. 4-4B) with the 
following concentration range used: 3.9, 7.8, 15.6, 31.3, 62.5, 125, 250, 500, 1000, 2000 nM of dE-selectin 
injected for 240s that are spaced by a 60s buffer washing step. 563-mAb (10800 RU) (Ms IgG1 isotype control, 
8320 RU) was immobilized to capture CD34 (left upper panel). Hermes-3-mAb (9300 RU) (Ms IgG2a isotype 
control, 7700 RU) was immobilized to capture CD44 (right upper panel). KPL-1-mAb (11400 RU) (Ms IgG1 
isotype control, 8090 RU) was immobilized to capture PSGL-1 (left lower panel). A polyclonal CD43 Ab (15800 
RU) (Goat isotype control, 14450 RU) was immobilized to capture CD43 (right lower panel). The sensograms are 
corrected for the bulk refractive index and nonspecific interactions using isotype control (7300 RU). KD was 
determined by fitting the binding isotherm using a steady-state model and the RUmax values just prior to the start of 
the buffer injection where steady-state conditions were nearly met (inset). koff-apparent was calculated as described 
in Fig. 4-4B, and kon-apparent was calculated based on the determined KD and koff-apparent values. Data is representative 
of n = 3 independent experiments. (B) Binding of different concentrations of dE-selectin to CD34 that was IP’ed 
in real time from cell lysates of bone marrow-CD34+ cells at 50 mM NaCl using surface-immobilized CD34 mAb 
(563; 6952 RU; data not shown). The sensogram shows binding of consecutive injections of dE-selectin dilutions 
(3.9, 7.8, 15.6, 31.25, 62.5, 125, 250, 500, 1000, 2000 nM) at 15 μl/min for 240s that are spaced by a 60s buffer 
washing step. 

4.3.5 CD34 silencing displayed a markedly faster rolling than scrambled-nucleofected 
cells at higher shear stress.  

To directly measure the relative contribution of CD34 to the overall rolling behavior of 

HSPCs, we took a knockdown approach and compared the ability of the cells lacking CD34 

(CD34-KD) and control cells (Scrambled) to tether and roll over E-selectin expressing cells 

using a parallel plate flow chamber assay. Due to the technical challenges with manipulations 

associated with knockdown of native HSPCs leading to changes in phenotype, including 

culture-associated loss of sialofucosylated structures that correlate with selectin ligand activity 

(i.e., loss of HECA-452 reactive epitopes such as sLeP

x
P)(Merzaban et al., 2011)P

 
Psilencing was 

performed on the HSPC-like cell line, KG1a. As measured by flow cytometry, siRNA 

transduction of KG1a cells resulted in a 50% reduction in the surface expression of CD34 

relative to scrambled control cells (Geometric mean fluorescent intensity; G.MFI) (Fig. 4-6A). 

To assess the specificity of CD34 silencing, expression of other ligands were also quantified by 

flow cytometry. No changes in expression were observed for these proteins compared to 

scrambled control cells (Fig. 4-6A). Western-blots of equal amounts of loaded proteins 

resolved by SDS-PAGE revealed that CD34 expression was substantially reduced and this 

correlated with a slight increase in both HECA-452 staining and dE-selectin reactivity 

especially at ~100-150kDa (Fig. 4-6B). This slight increase in dE-selectin staining in the 

CD34-KD cells was also observed in the dE-selectin G.MFI measured by flow cytometry and 

interestingly was not due to an increase in the expression of any of the measured E-selLs (Fig. 
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4-6B). To assess the role of CD34 silencing on the E-selectin ligand activity under flow, 

scrambled control KG1a cells and CD34-KD KG1a cells were perfused over CHO-E cell 

monolayers under physiologic shear stress levels. No observed differences in the number of 

rolling cells was observed at all shear stresses tested (Fig. 4-6C). Specificity for E-selectin 

binding was confirmed by the elimination of binding in the presence of EDTA or by treatment 

of CHO-E cells with a function-blocking mAb to E-selectin (data not shown). Although no 

difference was observed in the rolling interactions of CD34-KD KG1a cells compared to 

scrambled-control cells, the contribution of CD34 to the rolling velocity was strikingly evident. 

As shown in Fig. 4-6D, CD34-KD cells rolled markedly faster than scrambled-control cells 

especially at 3 dyn/cm2 (post-capillary venule shear) and above (P<0.05, Fig. 4-6D) indicating 

that CD34 plays a significant role in slowing down the KG1a cells in flow even though it 

doesn’t change the number interactions with the CHO-E cells.  
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Figure  4-6. Silencing CD34 leads to higher rolling velocities at higher shear stresses. 

(A) Flow cytometric analysis of E-selL expression as well as dE-selectin and HECA-452 binding of 
scrambled (control) and CD34 siRNA-nucleofected KG1a cells. Note that the expression of CD34 on KG1a cells 
was reduced consistently (n = 4) by 2 fold following CD34 siRNA-nucleofection but this did not affect the 
expression of other measured E-selLs nor did it reduce sLex or dE-selectin binding. This is a representative figure 
of n = 4 experiments depicting the G.MFI. (B) Western-blot analysis of CD34, E-selLs, sLex expression and dE-
selectin binding. Equivalent amounts of scrambled-control and CD34 siRNA nucleofected cell lysates were 
resolved by SDS-PAGE and transferred to a PVDF membrane for western-blot analysis. Note that CD34 
expression was abolished by CD34 silencing while other E-selLs, sLex expression and dE-selectin binding were 
not affected. This is a representative of n = 3 blots showing similar results. (C) Scrambled control or CD34-siRNA 
nucleofected KG1a cells were each perfused over CHO-E cell monolayers for 1 min at 0.28 dyne/cm2 and then 
detachment assays were employed by increasing the shear stress stepwise every 15s. The average number of 
rolling cells in 4 distinct fields of view for each experiment (n = 4) was counted. (D) Single cell tracking with 
Imaris V7.6.4 software was used to calculate KG1a rolling velocity over CHO-E cells from (C) at each shear stress 
depicted as described in Chapter 2, Experimental Procedures. Briefly, the centroid position of the cells was 
determined with an accuracy of 10 ± 4 μm and displacements that were greater than 4 μm within 4s were 
considered as rolling events. The adhesion histogram is representative of n = 4 independent experiments and data 
are reported as the mean ± SEM (error bars). *P<0.05. 

4.3.6 CD34 binding E-selectin is dependent on sialofucosylated O-glycans. 
It is well known that L-selectin binds to sulfated sLex (6-sulfo-sLex) capped O- and N-

glycans of the CD34 core protein (Hernandez Mir et al., 2009; Leppanen et al., 2003; Puri et 

al., 1995). We combined the SPR based IP with western-blot analysis to determine the glycan 

modifications necessary for CD34 to bind E-selectin on human HSPCs as previously described 

(AbuSamra et al., 2015). KG1a lysate was treated with the glycosidases, neuraminidase (to 

remove sialic acid), OSGE (to remove O-glycans) or PNGaseF (to remove N-glycans) prior to 

the binding measurements by SPR. To perform a quantitative comparative analysis we 

normalized the amount of mAb-captured ligands prior to dE-selectin injection as described in 

Chapter 2, Experimental Procedures, (dotted graph). Sensograms of dE-selectin (354 nM) 

binding to antibody captured CD34 (CD34·4H11 mAb) from either Neuraminidase-treated 

lysate (treated) or control lysate (where samples were prepared under the same treatment 

conditions-buffer, incubation times and temperatures-but in the absence of the enzyme) showed 

that the binding is eliminated following sialic acid digestion (Fig. 4-7A). Western-blot analysis 

of treated CD34 IP from lysates of KG1a or CD34+-UCB cells verified the SPR results (Fig. 4-

7B, top panels). The efficiency of sialic acid digestion by neuraminidase was followed by 

tracking the shift in the molecular weight of CD34 from 120 kDa to ~150 kDa as detected by 

western-blot and probing with QBend-10 antibody (Class 2 mAb; Fig. 4-7B, lower panels) 

(AbuSamra et al., 2015; Lanza et al., 2001). To determine whether E-selectin binding 
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determinants of CD34 reside on N- or O- glycans, we either treated KG1a lysate with PNGaseF 

or OSGE respectively. Interestingly, removal of the N-glycans resulted in only minimum 

reduction in RUmax (1.4-fold) and dissociated with approximately same koff-apparent compared the 

control lysate (Fig. 4-7C). This result was further verified with western-blot analysis (Fig. 4-

7D, top panel). By contrast, O-glycan removal completely abolished the interaction of dE-

selectin with CD34/4H11 mAb complex (Fig. 4-7, E and F), which was further confirmed by 

western-blot analysis (Fig. 4-7F, top panel). The glycoprotease-sensitive CD34 mAb QBend-10 

is sensitive to removal of O- or N-linked glycans on CD34 and is routinely used to detect the 

efficiency of glycan removal (AbuSamra et al., 2015). QBend-10 mAb was able to recognize 

control samples (not treated with OSGE or PNGaseF) but completely lost its epitope 

recognition following enzyme treatment (Fig. 4-7, D and F, lower panels), which is consistent 

with results published previously (AbuSamra et al., 2015). These findings indicate that, in 

contrast to HCELL which displays E-selectin ligand determinants on N-glycans and O-glycan 

(AbuSamra et al., 2015), CD34 presents sLex decorations mainly on O-glycans similar to CD43 

and PSGL-1. 
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Figure  4-7. Sialofucosylated glycans conferring CD34 binding to E-selectin are predominantly clustered on 
O-glycans.  

(A) 4H11-mAb (4964 RU) (isotype control, 4036 RU) was immobilized to capture CD34 from KG1a lysates 
that had been either treated with neuraminidase (Treated; gray line) or not (Control; black line). Following CD34 
capture, dE-selectin was injected at 354 nM. The same surface was used for both the treated and control binding 
studies with a regeneration step between the two runs. The normalized (dashed line) sensogram is the same as 
control but normalized to the treated sensogram based on the ratio of accumulated CD34 RU prior to dE-selectin 
injection. (B) For western-blot analysis, equivalent amounts of CD34 IP from HSPCs lysate (KG1a or UCB-
CD34+) were either treated with neuraminidase (+) or not (−) and blotted with either dE-selectin (top panel) or 
CD34 (QBend-10, lower panel). Note that a shift up in the apparent molecular weight of CD34 after sialidase 
treatment indicates the removal of the negatively charged sialic acid residues leading to a slower migration of the 
protein on SDS-PAGE. (C) SPR analysis of PNGaseF treatment was performed as in (A), using 4H11-mAb (6500 
RU) or its isotype control (5810 RU). koff and koff-apparent were calculated as described in Fig. 4-4B. (D) CD34 IP 
was treated with PNGaseF as in (B) and subjected to western-blotting for dE-selectin (top panel) or CD34 (lower 
panel). (E) SPR analyses of OSGE treatment were performed as in (A) and (C) using 4H11-mAb (9000RU) or its 
isotype control (6500 RU). (F) Western-blot analysis of CD34 IP treatment was performed as in (B) and (D). 
CD34 (Qbend-10) was used as an internal control to confirm N- and O-glycan removal. All results are 
representative of n = 3 independent experiments. 

4.3.7 P-selectin binds CD34 on sialofucosylated O-glycans expressed on human HSPCs 
and the binding is further dependent on sulfation. 

As both E- and P-selectin are expressed on human bone marrow endothelial cells (Lehr and 

Pienta, 1998), we sought to determine if CD34 is also a P-selectin ligand. The only ligand to 

date known to bind all three selectins is PSGL-1 (Asa et al., 1995; Merzaban et al., 2011; 

Sackstein and Dimitroff, 2000; Spertini et al., 1996). Recombinant P-selectin-Ig chimera (P-Ig) 

was used to IP P-selectin ligands from KG1a or bone marrow-CD34+ lysates and subsequently 

blotted for CD34 (EP373Y and QBend-10-mAb) or for PSGL-1 (KPL-1-mAb). As shown in 

the left panel of Fig. 4-8A, CD34 could be recognized as a P-selectin ligand much like PSGL-1 

without any PSGL-1 multi-ligand contaminant detected within the CD34 IP. In addition, 

reciprocal studies where CD34 and PSGL-1 were immunoprecipitated from HSPC (KG1a and 

CD34+-bone marrow) lysates and were subsequently blotted with P-Ig, also confirmed that both 

ligands bound P-selectin (Fig. 4-8B). Intriguingly, two molecular weight forms (between 120-

130kDa) of CD34 appeared to be able to bind P-selectin in the HSPC lysates (Fig. 4-8B) 

therefore to determine whether E-selectin recognizes the same CD34 glycoform as P-selectin, 

we eluted E-selectin ligands following dE-selectin IP of KG1a lysate using EDTA and 

subsequently immunoprecipitated this eluation with CD34 mAb. As shown in Fig. 4-8C, 

western-blot analysis of this dE-selectin reactive CD34 with P-Ig revealed that the higher MW 

form of CD34 (~130kDa) is both an E- and P-selectin ligand distinguishing CD34 as a ligand 

that is able to bind E- and P-selectin on HSPCs. Further to analyse the ligand activity of CD34 
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on primary HSPCs under rotation, we performed Stamper–Woodruff-like assays by using 

CD34 IP from bone marrow CD34+ or KG1a cell lysates that were spotted onto a glass slide 

and measured binding to P-selectin transfected CHO cells (CHO-P). Co-incubation of CHO-P 

with 5 mM EDTA served as a negative control. We found that CD34 from bone marrow-

CD34+ and KG1a cells supported CHO-P rolling as well (8±2 cf. 41±7 bound cells per field, 

respectively), whereas no binding was observed with EDTA (Fig. 4-8D). Also to examine 

whether CD34 qualified as a functional P-selectin ligand activity under physiological flow 

conditions relative to PSGL-1, the blot rolling assay was performed on IPs of E-selLs (CD34, 

CD44, CD43 and PSGL-1). CHO-P cells displayed rolling interactions on CD34 IP'ed from 

human HSPCs. Among the other ligands, only CD34 and PSGL-1 showed functional binding 

activity to P-selectin on HSPCs IPs (Fig. 4-8E). 

 

Further, it is known that binding of PSGL-1 to P-selectin is through sLex decorations on O-

glycans in addition to sulfation of nearby tyrosine residues (Sako et al., 1995; Wilkins et al., 

1995). We next characterized the glycan modifications necessary for P-selectin to bind CD34 

on KG1a cells. CD34 was IP'ed from KG1a lysates and then treated with neuraminidase, OSGE 

or PNGaseF and analyzed for binding to P-Ig by western-blot. As shown in Fig 4-8F, neither 

treatment with PNGaseF nor neuraminidase inhibited the binding of P-Ig to CD34 suggesting 

that both N-glycans and sialic acid are not critical for P-selectin to bind CD34. In contrast, 

treatment of CD34 with OSGE significantly reduced P-Ig staining (Fig. 4-8F). To determine 

whether sulfation of CD34 is critical for P-selectin binding, we cultured KG1a cells in the 

presence or absence of chlorate, a metabolic inhibitor of sulfation on both tyrosine residues and 

glycoconjugates (Mintz et al., 1994) prior to the preparation of cell lysates. CD34 was IP'ed 

from these cell lysates using 4H11 and QBend-10 mAbs and subjected to western-blot analysis. 

As shown in Fig. 4-8G, chlorate treated CD34 was not able to bind P-selectin compared with 

the control (left panel). To further determine if CD34 binding to P-selectin requires sulfation on 

tyrosine residues, KG1a cell lysates were treated with arylsulfatase, an enzyme that releases 

sulfates from tyrosine residues but not carbohydrates (Snapp et al., 1998b; Wilkins et al., 1995), 

or with buffer alone prior to western-blot analysis of CD34 IP. Arylsulfatase treatment 

abrogated P-selectin binding to CD34 (Fig. 4-8G, right panel). Complete cleavage of sulfated 
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tyrosine residues was confirmed by loss the recognition of anti-PSGL-1 (KPL-1 clone) (Fig. 4-

8G, middle panels) without affecting PSGL-1 expression with PL-2 clone (data not shown), 

since this antibody interacts with the tyrosine sulfated motif of PSGL-1 (Snapp et al., 1998b). 

While comparable CD34 level was recognized using QBend-10 CD34 mAb (Fig. 4-8D, lower 

panels). Overall, these data imply that unlike PSGL-1 binding to P-selectin, which is dependent 

on sialylated glycans (Sako et al., 1995; Wilkins et al., 1995), the binding of CD34 to P-selectin 

is not dependent on sialylation but does require O-glycans and tyrosine sulfation.  

Finally, we sought to validate the binding kinetics of CD34 in comparison to PSGL-1 using 

an SPR based IP assay. In our preliminary experiments, we found that P-selectin binding to 

their ligands are difficult to be distinguished from bulk refractive changes on dextrane or 

isotype coupled flow cell, especially when high protein concentrations were used. Therefore, 

we optimized the running buffer and parallel injections of P-Ig on isotype flow cell was 

conducted as the experimental control to minimize the bulk refractive index and non-specific 

interactions (data not shown). In agreement with other selectin binding, P-selectin was Ca2+ 

dependent as binding was abolished when injected in the presence of 5 mM EDTA (Fig. 4-8 H, 

respectively). The normalized signals produced by a representative series of P-Ig injections at 

different concentration over PSGL-1/KPL-1 mAb and CD34/563 mAb are shown in Fig. 4-8H, 

respectively. Also, specific equilibrium responses were plotted against injected concentrations 

of P-Ig over PSGL-1 and CD34, respectively (Fig. 4-8 H, inset). Using a steady-state model, 

the mean KD value for binding of P-Ig to PSGL-1 at 25 °C was 372 ± 5 nM (n = 2). The 

binding of CD34 was ~1.7 fold weaker with KD of 621 ± 4 nM. A similar mean of association 

rate was noticed in P-selectin binding to both ligands (473.5 ± 32 and 451.5 ± 52 for PSGL-1 

and CD34, respectively) that make the variation mostly due to the higher dissociation rate of 

CD34 with koff-apparent 3 x 10-4 ± 0.1 x 10-4 while the koff-apparent for PSGL-1 was 2 x 10-4 ± 0.3 x 

10-4. 
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Figure  4-8. A CD34 glycoform acts as a P-selectin ligand and its interaction is dependent on O-glycans and 

tyrosine sulfation. 

(A) P-Ig was used to immunoprecipitate potential ligands from KG1a cell and bone marrow-CD34+ 
cell lysates and the resulting proteins were analyzed by western-blot and probed for CD34 or PSGL-1 using 
EP373Y and QBend-10 mAb or KPL-1-mAb, respectively. Note that CD34 IP was free from any PSGL-1 
contaminant. This is a representative blot of n = 3 experiments. (B) IP of PSGL-1 using a mix of KPL-1 and PL-2 
mAb or CD34 using QBend-10 and EP373Y mAb (which recognizes the glycosylated form and full length CD34 
structure, respectively) from KG1a lysate or bone marrow-CD34+ were analyzed by western-blot and probed with 
P-Ig. This is a representative blot of n = 3 experiments. (C) dE-selectin was used to IP E-selLs from KG1a lysate 
and resultant proteins were eluted with 30 mM EDTA. The eluate was then immunoprecipitated with a 
combination of CD34-mAbs (4H11 and 581) prior to western blot analysis. Blots were stained for CD34 as well as 
dE-selectin and P-Ig. This is representative of n = 2 experiments. (D) CD34 immunoprecipitates were prepared 
from lysates of bone marrow-CD34+ and KG1a cells and spotted on glass in order to test for CHO-P binding using 
a Stamper-Woodruff assay as described in Chapter 2, Experimental Procedures. Adherent CHO-P cells were 
counted by light microscopy using an ocular grid under 20X magnification (7 field per slide, 2 slide per 
experiment; n = 2 independent experiments). (E) Adhesion bar graph representing results obtained for the blot 
rolling assay as in Fig. 4-4D but measuring CHO-P cell rolling at 0.25 dyne/cm2 (rolling cells/field) over western-
blots prepared and with HECA-452-reactive immunoprecipitated membrane glycoproteins (CD34, CD44, CD43, 
and PSGL-1) from KG1a cell lysates. To control the specificity of CHO-E binding to membrane glycoproteins, 
either EDTA was added to the buffer containing the CHO-E cells before use in adhesion assays (gray bars) or 
CHO-M cells (white bars) were perfused over blots. After cell perfusion, the numbers of rolling cells/field were 
counted in four distinct fields of view in each experiment. The adhesion bar graph is the average of n = 5 
independent experiment and data reported as the mean ± SEM (error bars). (F) CD34 IPs from KG1a lysates were 
treated with neuraminidase, OSGE, or PNGaseF or not followed by western-blot analysis. The membranes were 
blotted with P-Ig. Note that CD34 (QBend-10) was used as internal control (data not shown) as in Fig. 4-7 (n = 3). 
(G) To inhibit sulfation, KG1a cells were either incubated in the presence of 150 mM sodium chlorate for 72h (left 
panel) prior to CD34 IP or CD34 immunoprecipitates from KG1a lysates were treated with arylsulfatase at 5U/ml 
for 3h (right panel). The resulting proteins were analyzed by western-blot for P-Ig binding. Note that both 
treatments abrogated PSGL-1 binding to the KPL-1-mAb from KG1a whole lysates (KPL-1 is sensitive to the loss 
of sulfation on PSGL-1), while the treatment itself did not significantly affect CD34 protein levels as indicated by 
EP373Y-mAb staining or PSGL-1 expression (data not shown). Blots are representative of n = 3 independent 
experiments. (H) The Ca2+ dependency of P-Ig binding to PSGL-1 and CD34 expressed in KG1a cell lysate at 150 
mM NaCl; were measured by injecting P-Ig (67 nM) in the presence of 10 mM EDTA followed by constitutive 
injection of different concentrations of P-Ig in the presence of 2 mM CaCl2. The experimental conditions are 
similar to those in (Fig. 4-5) with P-Ig injected for 170s that are spaced by a 60s buffer washing step. KPL-1-mAb 
(11000 RU) Ms IgG1 isotype control, 5000 RU) was immobilized to capture PSGL-1 (left panel). 563-mAb (6527 
RU) (Ms IgG1 isotype control, 5000 RU) was immobilized to capture CD34 (right panel) (n = 2).  

 

4.4 Discussion: 
For almost 30 years, the cell-surface sialomucin CD34 has been used as a marker to 

identify and enrich for HSPCs in preparation for bone marrow transplantation (Berenson et al., 

1988). However, recent studies revealed the capability of the CD34- fraction of normal human 

bone marrow to differentiate into CD34+ cells implying that the expression of CD34 indicates a 

more activated and less primitive state (Dooley et al., 2004; Gotze et al., 2007; Nakamura et al., 

1999). Our flow cytometric and western blot data revealed a more pronounced E-selL activity 
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on the CD34+ subset of the Lin-CD38- fraction than on the CD34- subset. This suggests that the 

enhanced migration of CD34+ cells is due to a set of functional E-selLs on this subset. In 

agreement with these results, a previous study illustrated that bone marrow and fetal liver 

derived CD34+ subsets rolled over immobilized E-selectin with higher efficiency than CD34- 

counterparts (Greenberg et al., 2000). Interestingly, microarray data analysis of CD34+ versus 

CD34- subsets revealed exclusive expression of PSGL-1 and CD43 in the CD34+ subset 

suggesting that these ligands may be responsible for mediating the interactions with E-selectin 

in this subset (Manfredini et al., 2005). Interestingly, the higher expression of CD44 in the 

CD34- subset could not confer E-selectin binding activity in our data due to lack of HCELL 

glycoform as suggested by data presented here as well as previous data (Dimitroff et al., 

2001a). These results bring to question whether the appropriate GTs/glycosidases and/or 

appropriate substrates for these enzymes are differentially expressed in these subpopulations of 

HSPCs. 

Among several E-selL candidates suggested by our mass spectrometry analysis, CD34 

surfaced as a novel and attractive E-selectin ligand. Using a number of biochemical and blot 

rolling assays we show here, for the first time, that both vascular selectins bind CD34 similar to 

the well-described E-selectin ligands, HCELL and PSGL-1. However, unlike CD34, CD43 

exhibited a modest contribution to the E-selectin interaction in accordance with previous 

studies (Merzaban et al., 2011). Our data is the first to identify individual E-selL (CD34, 

HCELL and PSGL-1) binding affinities expressed on human HSPCs, all shown to have similar 

KD with slow on- and off- rate kinetics with the exception of CD43. As confirmed by the blot 

rolling assay, CD43 had weaker binding KD by 1.8 to 2.0-fold due to the higher dissociation 

rate of CD43 from E-Ig. Furthermore, CD34 was found to play a crucial role in slowing down 

the velocity of rolling cells at shear stresses ≥ 3 dyne/cm2. These data are in accordance with 

previous studies that showed that when the human CD34 expression is induced in transgenic 

mouse thymocytes, a specific binding to bone marrow stromal cells is observed compared to 

control cells that do not express CD34 (Healy et al., 1995). 

Our results show that CD34 ligation by E-selectin caused KG1a cell aggregation and CD34 

clustering toward lipid rafts as indicated by an enhanced CTB staining pattern and intensity 
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following E-selectin treatment. A number of studies have suggested that prior to activation, 

CD34 is homogeneously distributed over the entire cell surface of hematopoietic progenitor 

cells (i.e. HSPCs). However, following activation of these cells (via fibronectin or ligation 

using anti-CD34 antibodies), CD34 redistributes to lipid rafts and in some cases is polarized 

towards the uropod suggesting a role in enhanced homotypic adhesion (Altrock et al., 2012; 

Giebel et al., 2004; Hu and Chien, 1998; Wagner et al., 2005). In fact, the cytoplasmic domain 

is implicated in mediating signaling events that result in enhanced adhesion suggested by 

studies comparing the full-length CD34, a truncated form of CD34 (where most of the 

cytoplasmic domain is removed) and a chimeric molecule where the cytoplasmic domain of 

CD34 is fused with EPOR or GCSFR extracellular domain, not believed to have a role in 

adhesion (Gotze et al., 2007; Hu and Chien, 1998). This role of CD34 in homotypic cell 

adhesion is significantly abrogated when a tyrosine kinase inhibitor and integrin mAb blockers 

for LFA-1 and ICAM-1 are used suggesting a concomitant activation of LFA-1/ICAM-1 

pathway (Hu and Chien, 1998). Overall, these data accompanied with the highly negative 

structure of CD34 suggest that triggering CD34 signaling events via E-selectin (or anti-CD34 

antibodies) contribute to the clustering of CD34 into lipid rafts of hematopoietic cells. This 

clustering could aid in 2 ways in enhancing adhesion, 1) by activating LFA/ICAM-1 integrins 

or 2) by masking the nonspecific adhesiveness of integrins to one another or countered 

endothelium (Drew et al., 2005; Hu and Chien, 1998; Majdic et al., 1994). Indeed we noticed a 

significant enhancement in the homotypic aggregation of cells when CD34 was silenced in 

KG1a cells or following the incubation of the cells with E-Ig or anti-CD34 mAb strongly 

implying that CD34 has a pro-adhesive role in guiding HSPCs to the E-selectin expressing cells 

such as the bone marrow endothelial cells. 

Both vascular selectins are required for human CD34+ cell rolling and homing on the bone 

marrow micro vessels where defective rolling is observed in E-/P-selectin double knockout 

NOD/SCID mice only (Hidalgo et al., 2002). Indeed, P-selectin was found to significantly 

purify committed human HPCs CD34+ CD38- from total bone marrow mononuclear cells 

(Narasipura et al., 2008; Wojciechowski et al., 2008; Zannettino et al., 1995). Our data are the 

first to show that CD34 on HSPCs can function as a P-selectin ligand. Analysis of the glycan 
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requirements of CD34 binding to P-selectin underscored the similar characteristic 

modifications of PSGL-1 binding to P-selectin with one key difference (Sako et al., 1995; 

Wilkins et al., 1995). Both CD34 and PSGL-1 depend on O-glycosylation and tyrosine 

sulfation but interestingly while PSGL-1 requires sialylation to mediate binding (Moore et al., 

1992), CD34 does not. Yet the specific glycosylation profile needed for P-selectin recognition 

is enigmatic. For example, P-selectin could bind to sialylated and non-sylalylated form of 

Lex/a structure (Nelson et al., 1993). Also, binding of TIM-1 (T-cell immunoglobulin and mucin 

domain 1), a major P-selectin ligand that controls the rolling of activated T-cells, requires an 

α1-3 fucosylation and tyrosine sulfation for efficient binding but not sialylation (Angiari et al., 

2014). On a similar note, CD24, a sialoglycoprotein highly expressed in neutrophils as well as 

on early stages of B-cell development, does not display the sLex epitope but does carry a HNK-

1 sulfate containing epitope and O-glycans that are required for such binding (Aigner et al., 

1997; Angiari et al., 2014; Pirruccello and LeBien, 1986; Sammar et al., 1997). Interestingly, in 

addition to the modifications discussed above for P-selectin binding, CD34 also stained positive 

for the HNK-1 epitope suggesting that this may also be important in mediating the binding of 

CD34 to P-selectin (data not shown). The KD
’s measured here for PSGL-1 and CD34 were 372 

± 5 and 621 ± 4 nM respectively which is in accordance with previous studies where the KD of 

monomeric P-selectin binding to PSGL-1 (isolated from human neutrophils) was 320 ± 20 nM 

(with a koff = 1.4 ± 0.1 s-1 and kon = 4.4 x 106 M-1 s-1) and the injection of membrane-derived P-

selectin resulted in slow on and off rates (Mehta et al., 1998). Our data has a characteristically 

similar KD but with slow koff-apparent (a ~10,000-fold increase) and a reduced kon-apparent (a ~100-

fold reduction). We suspect this is primarily due to the use of recombinant P-selectin that is 

dimeric in nonionic detergents and therefore binds to PSGL-1 with higher avidity and slower 

on and off rate than monomeric forms of P-selectin.  

E-selectin ligand activity depends on a specific post-translational sLex glycan decoration, 

which is detected by the rat mAb (HECA-452), of the core protein. For example, PSGL-1 

requires core 2 O-linked glycans that are sialylated and fucosylated to bind P- and E-selectin 

whereas tyrosine sulfate residues are not required (Goetz et al., 1997; Li et al., 1996; Martinez 

et al., 2005). The E-selectin ligand activity of HCELL is conferred by the expression of 

sialylated, fucosylated binding determinants on both N- and O-glycans (AbuSamra et al., 2015; 
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Dimitroff et al., 2001a) while critical sialofucosylated modifications are displayed mainly on 

O-glycans for CD43 (Merzaban et al., 2011). Work outlined here suggests that sialylated O-

glycans rather than N-glycans are the key contributors to CD34 binding to E-selectin. One very 

intriguing observation from this work reveals that differentially decorated forms of CD34 exist. 

Removal of the E-selectin binding form of CD34 isolated from bone marrow CD34+ AML cells 

and KG1a cells (but not normal CD34+ cells), revealed a CD34 glycoform lacking sLex 

expression. This non-E-selL reactive form of CD34 is uniquely expressed on AML cells and 

could be considered as a novel marker for this disease. It may also be interesting to consider 

this form of CD34 as a means to avoid cell death as implicated by a previous study suggesting 

CD34 expression is correlated with higher levels of anti-apoptotic proteins that may contribute 

to increased resistance of AML cells that express CD34 over cells that do not (van Stijn et al., 

2003). 

At least two anatomical HSC niches have been described in the bone marrow: an endosteal 

or osteoblastic niche (quiescence) and (peri-)vascular niche (activated niche) each with distinct 

types of regulators that control HSPC proliferation. E-selectin was found to be significantly 

enriched in the endothelium of the vasculature near the interface with the endosteal region 

compared to the central sinusoidal vasculature, suggesting a possible regulatory function on 

the (peri-)vascular niche. A recent study confirmed slower HSC cycle in mice lacking E-

selectin (Sele-/-) compared to wild-type mice; this enhanced HSC quiescence and self-renewal 

potential was further induced by E-selectin antagonist, GMI-1070 in wild-type mice (Winkler 

et al., 2012). Thus expression of E-selectin in the (peri-)vascular niche accelerates HSC 

proliferation. In support of previous data, the CD34 expression is correlated to the active 

proliferative phase of HSPCs while the negative population represents a more quiescent 

precursor population in the HSPC hierarchy (Ando et al., 2000; Dooley et al., 2004). Our data 

imply that functional E-selectin ligands are found in the more active CD34+ population that 

suggest the preferred residence of these cells in the peri-vasculature niche as a key control to 

switch on HSPCs proliferation/differentiation. This needs further studies to confirm this is the 

case.  
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Conclusions and Future Directions. 

Interactions of selectins with the cell-surface glycoconjugate, sLex, on proteins mediates 

the first essential step in the adhesion and signaling cascade that recruits circulating cells to 

tissues/organs. Vascular (E- and P-) selectins are upregulated on the vasculature in many 

inflammatory conditions; it is also, under normal physiological conditions, constitutively 

expressed on the surface of bone marrow endothelium where it serves as a key adhesion 

molecule required for the recruitment of circulating HSPCs to the bone marrow (during bone 

marrow transplants as well as under normal steady-state scenarios). In order for any 

glycoprotein to be functionally classified as a selectin ligand, it should fulfill several criteria 

including the capacity to support rolling and also gene deletion/silencing studies and/or 

blocking mAb against specific ligands should impair selectin-mediated functions on intact cells 

(i.e., rolling). To date, the binding of individual ligands to E-selectin have not been identified, 

due to the technical challenges with manipulations associated with knockdown of native 

HSPCs leading to changes in phenotype, including culture-associated loss of sialofucosylated 

structures that correlate with selectin ligand activity (i.e., loss of HECA-452 reactive epitopes 

such as sLex) (Merzaban et al., 2011). The importance of each one of these ligands to the 

interaction with E-selectin in human cells is thus debatable and requires additional attention and 

methodologies to advance their specific involvement.  

Chapter 3 strived to quantitatively characterize the mechanism by which selectins interact 

with their ligands. As a start, we developed a real time SPR-based IP and provide the first 

comprehensive quantitative binding kinetics of two well-documented ligands, CD44 and 

PSGL-1, with E-selectin. We believe that this will serve as a benchmark for studying selectin 

binding. We found that recombinant E-selectin binds both ligands with remarkably slow on rate 

kinetics that are able to form very tight complexes. This challenges the prevailing view about 

selectin interactions and suggests that they are rather limited by their slow on rates, raising a 

very interesting question about how selectins can overcome such a limitation. To overcome this 

slow association rate, selectins may cluster over endothelium cells and indeed studies have 

suggested that E-selectin is found to cluster in both clathrin-coated pits and lipid rafts of 

endothelial cells following ligation or treatment (Kiely et al., 2003a; Setiadi and McEver, 
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2008). Also ligation of E-selL's like PSGL-1 (Xu et al., 2013) and, as we describe, CD34 

(Altrock et al., 2012; Giebel et al., 2004; Hu and Chien, 1998; Wagner et al., 2005) are 

redistributed in the lipid raft. In support of this, our data show that, similar to monomeric P-

selectin, monomeric E-selectin binds both ligands with fast on and off rates. These results 

intrigued us to propose a mechanistic model in which the binding of E-selLs expressed on 

HSPCs, here we highlighted CD34 only, to the monomeric form of the selectin may provide the 

basis for capturing the fast-moving cells out of the flow. This binding would then cause 

downstream signaling events that lead to redistribution of E-selectin and their ligands, i.e. 

CD34, to lipid rafts. Thus, this study supports previous evidence that suggests the ability of 

selectins (i.e., oligomerize) (Setiadi and McEver, 2008) as well as E-selLs to cluster into lipid 

rafts (Altrock et al., 2012; Giebel et al., 2004; Hu and Chien, 1998; Wagner et al., 2005; Xu et 

al., 2013) is an important factor in enhancing cell adhesion and will be the focus of future 

experiments investigating the monomeric and oligomeric forms of selectins. Beyond this, we 

anticipate that our study will have a broader impact on other fields as we also demonstrated the 

feasibility to perform a real-time based IP binding assay that is complementary to western blot 

analysis but superior in its quantitative nature and sensitivity. In fact, current studies in our lab 

are focused on identifying how the structure of E-selectin influences its binding to its ligands 

using single molecule FRET (Förster resonance energy transfer) studies. Interestingly, studying 

the binding kinetics of different recombinant E-selectin (dimeric, monomeric, and with variant 

numbers of sushi domains) with CD44/HCELL indicated that dE-selectin bound with higher 

avidity compared to the monomeric form. Moreover, the length of the sushi domains did 

influence binding kinetics where the addition of more sushi domains enhanced the affinity of 

the binding to its ligand.  
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Proposed model of selectin and selectin ligand (eg. CD34) clustering in mediating the transition from fast 
on/off kinetics to slow on/off kinetics ultimately leading to slow rolling and arrest through integrin 

activation. 

In Chapter 4, we report that E-selectin binding is more pronounced in Lin-CD38-CD34+ 

fraction than on CD34- fraction due to the differential expression E-selLs between the 2 

populations. Among different HSPC markers, the cell surface CD34 marker is notoriously 

known for its unique expression on HSPCs. Clinically the CD34 marker is used to help enrich 

donor bone marrow with HSPCs prior to bone marrow transplantation (Berenson et al., 1988). 

However, the role of CD34 as a marker of hematopoietic stem cells is complicated. Many 

studies suggest a population of dormant human hematopoietic stem cells that are negative for 

the CD34 marker could acquire the expression of this marker on its progenitors prior to cell 

division (Bhatia et al., 1998; Dooley et al., 2004; Goodell et al., 1997; Gotze et al., 2007; 

Osawa et al., 1996; Sonoda, 2008). In addition through the enrichment of this CD34- population 

(Bhatia et al., 1998), studies have shown that their homing to and engraftment in the bone 

marrow is extremely poor compared to their CD34+ counterparts (Nakamura et al., 1999; 

Sonoda, 2008; Wang et al., 2003). Thus, this potentially very valuable long-term hematopoietic 

stem cell is being ignored in clinical bone marrow transplants worldwide and could potentially 

be of tremendous benefit. Here we showed that the CD34- fraction of the lineage depleted 

CD38- bone marrow cells, express CD44 but not PSGL-1 or CD43 (Fig. 4-2B). Interestingly, 

studies of human CD34+ BM cells indicate that Step 1 rolling interactions on endothelial cells 

of the bone marrow (and subsequent extravasation into marrow) are most dependent on the 

expression of CD44 than other ligands, contrary to HSPCs in mouse (AbuSamra et al., 2015; 
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Dimitroff et al., 2001a; Merzaban et al., 2011). Although CD44 protein was found to be 

expressed, CD34- HSPCs were not able to bind E-selectin (Fig. 4-2B). Glycosyltransferases 

expressed in the endoplasmic reticulum and Golgi act in an assembly line fashion by adding 

one glycan at a time to a growing carbohydrate chain decorating a particular glycoprotein. In 

order for selectin ligands to be formed, glycosyltransferases responsible for creating the sLex 

structure needs to be endogenously expressed and active. As implied by the preliminary data 

outlined above, CD34- HSPCs do not bind E-selectin likely due to the lack of sLex expression 

(i.e. HECA-452 negative) suggesting that these glycosyltransferases may not be expressed or 

active. Ex vivo treatment of stem cells with fucosyltransferases, particularly FucT-6 and FucT-

7, increases cell surface sLex determinants, boosts binding to E-selectin, and enhances homing 

and engraftment in various mouse models (Merzaban et al., 2015; Sackstein et al., 2008; Xia et 

al., 2004). Therefore to enhance the homing capacity of these HSPCs, FucT treatment was 

performed and found to enhance the ability of CD34- HSPCs to bind E-selectin (Fig. A-1). 

Quiescent HSCs and neonatal CD34+UCB are defective in their migration to the bone marrow. 

These cells are believed to have higher multipotency potential compared to the adult HSPCs 

and even limited number of engrafted cells is sufficient for bone marrow reconstitution. 

Treating these cells with FucTs enhances vascular selectin binding in vitro and migration to and 

engraftment in bone marrow in vivo (Hao et al., 1995; Popat et al., 2015; Robinson et al., 2012; 

Robinson et al., 2014; Rocha et al., 2006; Sackstein, 2012; Taupin, 2010; Wan et al., 2013; 

Wang et al., 2003; Xia et al., 2004). In order to reduce the amount of administrated cells for 

transplantation/recipient, improving the homing and engraftment is key. To bridge and extend 

the in vitro findings in the future, in vivo migration and engraftment studies will be perused 

where these HSPCs will be transplanted into various immunocompramised mouse models then 

engrafted CD34- cells after FucT treatment will be further evaluated in short-term and long-

term repopulation studies as well as colony forming unit capacity in comparison with engrafted 

CD34+.  

Furthermore, by using an MS-based proteomics approach we obtained a rich resource of 

potential E-selectin ligands expressed on primary human CD34+ HSPCs and highlighted a 

novel role for CD34 as an E-selL. The binding of CD34 to E-selectin causes its clustering 
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towards lipid rafts. CD34 acts in synergy with CD43 as adhesion blocker, which masks 

integrins from random interaction with endothelium due to their high negative charge. In 

addition to mediating the transition from fast rolling to slow rolling discussed above, CD34 

clustering also works to unmask activated integrins allowing them to bind their ligands along 

the endothelium thus leading to the next step in the adhesion cascade, firm adhesion (see 

proposed mechanism above). CD34 binding to E-selectin was addressed under static and 

physiological flow conditions. Further binding kinetics of E-selLs using SPR- based IP 

demonstrated that CD34 binds to E-selectin with affinity comparable to well-described E-selLs 

(CD44 and PSGL-1) while CD43 had weaker binding KD by ~2.0-fold due to the higher 

dissociation rate. These results were supported by the blot rolling assay. Interestingly, a 

markedly faster rolling of CD34 knockdown cells was noticed over scrambled-control cells 

especially at 3 dyn/cm2 (post-capillary venule shear) and above. Further biochemical and SPR 

based-IP analysis demonstrated that E-selectin binding was restricted to a specific glycoform 

that expressed sLex. This interaction was dependent on calcium, sialylation and O-glycans as 

removal of these abolished binding to E-selectin. CD34 binding to the other vascular selectin, 

P-selectin was dependent on O-glycan and tyrosine sulfation making CD34 the first selectin 

ligand since P-selectin glycoprotein ligand-1 (PSGL-1) reported to bind all three selectins. 

These data are the first to define a role for human CD34 in mediating the direct migration of 

HSPCs to the bone marrow and suggests that a natural ligand for CD34 on human HSPCs are 

vascular selectins.  

In addition to the characterization of CD34 from our MS dataset, we also analyzed the 

potential of endomucin (see Table 4-1), another CD34 family member, as an E-selectin ligand. 

Endomucin is expressed on nearly all endothelial cells of the human vascular system, including 

the lymphatic vessels and arterioles. Surprisingly, endomucin was also found to be expressed 

on epithelial cells of the epidermis and apocrine and eccrine glands in the skin as well as on 

high endothelial venules of both mouse and human lymphpoid organs (Samulowitz et al., 

2002). The endomucin expressed on HEVs was found to be highly O-glycosylated and carrying 

the carbohydrate MECA-79 epitope (Samulowitz et al., 2002). Like CD34, endomucin has been 

shown to be expressed on long term repopulating HSCs in adult bone marrow and in 
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developing HSCs in the mouse embryo (Matsubara et al., 2005), suggesting a possible role in 

hematopoietic development. The presence of endomucin on human HSPCs has not been 

previously reported. Western blotting was carried out on whole cell lysate prepared from KG-

1a cells to check for the expression of endomucin protein. The membrane was probed with an 

anti-human endomucin antibody. As shown in Fig. A-2, a band was detected at around 60-85 

kDa, which corresponds to the known molecular weight of endomucin (MW 70-90 kDa). To 

confirm whether endomucin is an E-selectin ligand, immunoprecipitation coupled with western 

blot was performed on lysates prepared from KG-1a cells. Western blots were then probed with 

HECA-452, a monoclonal antibody that recognizes sLex or with dE-selectin. As shown in Fig. 

A-2, a band at around 70 kDa showing HECA-452 reactivity was detected in the 

immunoprecipitate. These preliminary results provide promising evidence that endomucin 

serves as an E-selectin ligand. Follow-up experiments to confirm endomucin as an E-selectin 

ligand and investigate its role in mediating the tethering and rolling of HSPCs on BM are 

required to provide further insights into the process of homing. 

Understanding the mechanisms of HSPCs homing, especially the molecular effectors that 

initiate the tethering interactions will have a high impact in the biomedical research field with 

real applications in the clinic for improving the therapeutic efficiency of bone marrow 

transplantation. In addition we could help in overcoming graft over host diseases by tailoring 

patient specific therapies to treat blood diseases through transplantation of healthy cells derived 

from the patients’ own cells. 

Finally, another very intriguing finding of our work is the unique expression of a CD34 

glycoform that is specific to acute myeloid leukemic cells. This non-E-selL reactive form of 

CD34 could be considered as a novel marker for this disease. It may also be interesting to 

consider this form of CD34 as a means to avoid cell death as implicated by a previous study 

suggesting CD34 expression is correlated with higher levels of anti-apoptotic proteins that may 

contribute to increased resistance of AML cells that express CD34 over cells that do not (van 

Stijn et al., 2003). Also, as previously discussed, expression of E-selectin on the vascular niche 

mediates higher proliferation and activation the unique maker might play a role in shielding 
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HSPCs from the E-selectin expressing niche effect that could be translated as higher drug-

resistance and remission in leukemic patient. 
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APPENDICES: 

Appendix I: Fucosyltransferase treatment improves the ability of the CD34- fraction of 

Lineage-CD38- cells to bind E-selectin. 

 

Figure A-1. Ex-vivo fucosylation enhances E-selectin binding determinant on isolated CD34-CD38-Lin-. 
Total bone marrow mononuclear cells were lineage depleted using lineage depletion cocktail markers (CD2, 

CD3, CD11b, CD14, CD15, CD16, CD19, CD56, CD123, and CD235a) combined by CD7. Depleted cells were 
treated or not with recombinant FucT for 40 min at 37ºC, washed stained with CD38 (FITC), CD34 (PE) and dE-
selectin (APC-Cy7). Followed by flow cytometric analysis of dE-selectin binding determinant on CD34-CD38-Lin- 
presented as % of positive cells.  

Appendix II: Endomucin is a potential E-selectin ligand. 

 

Figure A-2. Western blot analysis reveals that endomucin is a ligand for E-selectin. Endomucin was IP'ed 

from lysates of KG1a cells and run on a 4-20% SDS/PAGE gradient gel and transferred to a PVDF membrane. 

The membrane was blotted with recombinant dE-selectin chimera, HECA-452 or Endomucin. This blot is 

produced by Hanan Mahmoud. 
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