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ABSTRACT

Identifying the homing molecules that escort pluripotent stem

cells-derived hematopoietic stem cells to their niches and human

activated T-cells to inflammatory sites.

Amal J. Ali

Hematopoietic cells exploit the multistep paradigm of cell migration to ultimately

enable them to perform their function. This process is dictated by the ability of ad-

hesion molecules on the circulating hematopoietic cells to find their counter-receptors

on endothelial cells. Of those molecules, the selectin family and their respective

ligands induce the initial transient interactions between circulating cells and the op-

posing endothelium. In this thesis, I focused on studying E-selectin mediated cellular

migration in two hematopoietic cell types, namely human hematopoietic stem and

progenitor cells (HSPCs) and human T-lymphocytes.

HSPCs derived from pluripotent sources theoretically offers a novel, unlimited source

for hematopoietic stem cell transplantation therapy. In vitro pluripotent stem cell

derived- hematopoietic stem/progenitor cells (ES/iPS-HSPCs) behave much like so-

matic HSPCs in that they exhibit clonal expansion and multilineage hematopoietic

capacity. However, unlike somatic sources, ES/iPS-HSPCs do not give rise to effec-

tive hematopoietic repopulation, which may be due to insufficient HSPCs homing to

the bone marrow. HSPCs exploit E- and P-selectin to home and engraft into bone

marrow niches. Thus, one of my objectives in this thesis was to study the expression

of E-selectin ligands associated with ES/iPS-HSPCs. I showed that ES/iPS-HSPCs

lack functional E-selectin ligand(s). In an effort to enhance the interaction between E-

selectin and ES/iPS-HSPCs, we decorated the cell surface with sialyl-Lewis x (sLex)
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using the ex-vivo glycan engineering technology. However, this decoration did not

improve the engraftment capacity of ES/iPS-HSPCs, in vivo.

Induction of E-selectin expression during inflammation is key to recruitment of im-

mune cells and therefore I also focused on analyzing the expression of E-selectin

ligands on activated human T-cells. I identified several novel glycoproteins that may

function as E-selectin ligands. Specifically, I compared the role of the known E-

selectin ligands, namely PSGL-1 and CD43, to CD44. I showed that CD44 purified

from in vitro human activated T-cells or from psoriasis patients acts as a functional

E-selectin ligand. Furthermore, our knock-down studies demonstrated that CD44,

and not CD43, cooperates with P-selectin glycoprotein ligand-1 (PSGL-1) as a major

E-selectin ligand.
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Chapter 1

Introduction

Cellular migration is a fundamental process in the physiology and pathology of all

multicellular organisms. It has an integral role in embryonic development, tissue re-

generation, immune responses as well as in cancer metastasis. The importance of this

process is evident when studying the hematopoietic system in which several blood

lineage cells exploit it to deliver their function. For example, hematopoietic stem

and progenitor cells (HSPCs) migrate to the adult bone marrow (BM) following a

BM transplant [1, 2], activated blood cells such as leukocytes and T-cells utilize it to

efficiently patrol the body for infectious pathogens and näıve T-cells use it to home to

lymphoid tissues seeking activation [3, 4, 5, 6, 7, 8]. The cascade of events that govern

hematopoietic cell migration is known as the multistep paradigm involving four major

steps (Figure 1.1) [9, 10]. First, the fast free-flowing cells make transient contacts

with the underlying endothelium causing them to tether and roll and allowing them to

assess the presence of additional homing molecules responsible for further downstream

interactions critical in the migration. Second (step 2), cell-borne chemokine receptors

will engage with pertinent chemokine present in the perivascular areas surrounding

the endothelial cells. There are several chemokine receptors and ligands and the

majority of these receptors are quite promiscuous as they are able to bind multiple

high-affinity chemokines. However, the ligands for a given receptor tend to be re-

stricted to the same structural subclass. The main function of chemokines is to direct

the migration of specific blood cells to particular sites in homeostatic and inflamma-

tory processes. For example, SDF-1α is constitutively expressed in the BM and aids
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in the homing of CXCR4-expressing HSPCs [11, 12, 13] while chemokines involved

in inflammation such as CCL5, MIP-1α and MIP-1β aid in the attraction of CCR5-

expressing activated T-cells to skin in inflammatory skin diseases [14, 15, 16, 17].

Interaction of chemokines with their specific receptors delivers a G protein-mediated

signal into the tethered cell resulting in the functional activation of integrins (step 3).

Activated integrins bind to their counter-receptors on the underlying endothelium,

and induce firm adhesion which ultimately leads to cell-transmigration into the ap-

propriate niche/action site (step 4) [18, 19, 20, 21]. During leukocyte migration it is

well-documented that chemokine receptors activate β1 integrins very late antigen 4

(VLA-4), which interacts with vascular adhesion molecule-1 (VCAM-1) and β2 inte-

grins CD11a/CD18, which interacts with intracellular adhesion molecule-1 (ICAM-1)

and others [22, 23]. In the case of HSPC migration, SDF-1α binding to its chemokine

receptor CXCR4, activates VLA-4, VLA-5 and CD11a/CD18 integrins [24, 25].

The process that derives cellular recruitment is regulated by the expression of ad-

hesion molecules on circulating cells and their counter-receptors on the opposing

endothelial cell membrane. To date, several adhesion molecules have been identified

such as selectins, integrins and immunoglobulins. Among those adhesion molecules,

selectins and their ligands act at the start of the multistep paradigm to mediate

the primary capture and rolling of circulating cells during immune surveillance and

hematopoietic homeostasis [4, 27, 28, 29, 30]. By mediating slow rolling, selectins

increase the contact time between the vessel wall and circulating cells and allow the

cells to interact with chemokines important for integrin activation and the subse-

quent induction of firm arrest. Furthermore, on neutrophils, but not lymphocytes

or hematopoietic stem cells (HSCs), the engagement of selectins with their ligands

can induce intracellular signals that ultimately results in a low-affinity conformation

of integrins [31, 32, 33, 34, 35], but yet increases the transits of neutrophils through

venules by decreasing the chemokine threshold required for arrest [36]. Overall, a
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Figure 1.1: The multistep paradigm of hematopoietic cells migration. The scheme high-
lighting the main interactions that take place between the circulating hematopoietic cells, e.g. Ac-
tivated T-cells or HSPCs, and the endothelial cells lining the blood vessels. Step 1, Tethering and
Rolling, is mediated by selectins and their ligands and acts as a breaking mechanism to slow down
the cell. Step 2, is controlled by the interaction between chemokines on the surface of the endothelial
cells with their appropriate chemokine receptors on the surface of the circulating cells, that stimulate
binding of integrin(s) expressed on the circulating cells and the subsequent binding to its ligand(s)
on the endothelium. Engagement of integrins with their ligand(s) leads to step 3, cellular Arrest.
The interaction of all of these molecules with their appropriate receptors culminates at Step 4, the
Transmigration of the arrested cells into the desired location. The image is adapted from reference
[26].

large body of work supports the essential role of selectins in cellular migration.

1.1 Selectins

Selectins are a family of single-chain transmembrane, Ca2+-dependent lectins-binding

proteins, which consist of three different molecules: E-, P-, and L-selectin [27, 37].

The naming of selectins was derived from the first cell-type in which selectin was

first identified: E-selectin was first identified on activated (E)ndothelium while P-
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selectin in storage α-granules of (P)latelets and L-selectin on (L)eukocytes. The

overall structural organization of all selectins is similar (Figure 1.2). All selectins

consist of a lectin-like domain at the N-terminus, which is crucial for the protein

binding activity. This domain is followed by an epidermal growth factor-like domain

and several consensus repeats sometimes refereed to as sushi domains or complement

regulatory domains. The number of these regulatory domains differs among the se-

lectins: P-selectin contains nine consensus repeats while E-selectin contains six and

L-selectin contains two. All selectins are attached to the plasma membrane with a

single membrane-spanning domain that is connected to a short cytoplasmic domain

[38]. Despite the structural similarity between selectins, there are some significant dif-

ferences. For example, L- and P-selectin mediate rapid rolling velocity of leukocytes,

whereas E-selectin provides efficient leukocyte adhesion by mediating slow rolling,

which increases the contact time between leukocytes and the endothelium [39]. More-

over, selectins are different from each other by their mode of expression. E-selectin

(CD62E, ELAM-1 or LECAM-2) is constitutively expressed on the endothelial cells

lining the blood vessels in the BM and was therefore thought to play a major role in

HSPCs homing to BM [40, 1]. Moreover, E-selectin is constitutively expressed on skin

and its expression can be induced on inflamed endothelium after 4h of exposure to in-

flammatory cytokines such as tumor necrosis factor-α and interleukin-1β [41, 42, 43].

Thereby, stimulated neutrophils and T-cells exploit their E-selectin binding activity

to navigate toward the source of inflammation [44].

P-selectin (CD62P or LECAM-3) is constitutively expressed in intracellular granules

of platelets (α-granules) and endothelial cells (Weibel-Palade bodies). Within about

5–10 mins of stimulation with thrombin, histamine or calcium ionophore, P-selectin

is rapidly mobilized to the cell surface to bind its ligand(s) on the circulating cells.

L-selectin (CD62L), the only selectin that is expressed on the surface of HSCs as well

as on all leukocytes such as circulating neutrophils, monocytes and eosinophils, the
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majority of B-cells and näıve T-cells [45, 46, 47]. It has a well-established role in

leukocytes homeostasis and cutaneous inflammation. During homeostasis, L-selectin

is required for proper homing of näıve and central memory T-cells to the lymphoid

organs. upon activation, however, T-cells can shed off L-selectin to exit the lymphoid

organ and emigrate toward the site of inflammation by interacting with E- and P-

selectin on the inflamed endothelium [44, 48].

Mice lacking each of the selectins were studied to demonstrate the implication of all

selectins in both physiological and pathological hematopoietic cell migration. In these

studies, the overlapping and distinct functions for all selectin was strongly demon-

strated. Below is a detailed overview to highlight the functions of selectins in knockout

mice.

1.1.1 Selectins in hematopoietic cell migration

Knockout of endothelial selectins in mice do not individually result in major pheno-

types in mice. P-selectin deficient (Selp-/-) mice are viable and fertile. However, they

display several defects in leukocytes behavior, including complete inhibition of leuko-

cyte rolling in mesenteric lymph nodes and peripheral neutrophilia due to delayed

neutrophil clearance [49, 53]. However, E-selectin-deficient (Sele -/-) mice are viable,

fertile and display no discernible developmental alterations. Moreover, under home-

ostatic conditions, E-selectin deficiency does not result in any apparent quantitative

or qualitative abnormalities in circulating leukocytes and platelets [50, 51, 52].

In inflammatory models, the role of endothelial selectins is more pronounced. Selp-/-

mice show delayed early neutrophil recruitment in the peritonitis model, at 2 and 4 h.

However, leukocyte rolling is restored at later time points [53, 49, 52, 54]. Moreover,

the absence of P-selectin protected mice from inflammatory responses associated with

atherosclerosis, ischemic stroke, lung injury, warm ischemia and small bowel trans-

plantation [55, 56, 57, 58]. In peritonitis models, the leukocyte rolling velocity is
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L-selectin

E-selectin

P-selectin

Figure 1.2: The structural organization of selectins. This is a schematic overview of the
overall structure of selectins. The domains are depicted as follows: (L) for the C-type lectin-like
domain found at the amino terminus; (E) for epidermal growth factor (EGF)-like domain; and (C)
for complement regulatory domains. The transmembrane domain and the carboxy terminal short
cytoplasmic tail are also depicted. Note that selectins are very similar in structure and differ in the
number of complement regulatory domains. The figure was illustrated by Jamaliah Abu-Rabie.

increased in Sele -/- mice compared to wildtype mice[39, 59]. However, the leukocyte

rolling flux is not affect unless P-selectin is additionally targeted [60, 50]. In a de-

layed type hypersensitivity (DTH) model and in acute dermal inflammation, neither

Sele -/- nor Selp-/- mice demonstrate distinct phenotypes relative to wild-type con-

trol mice. In contrast, absence of both selectins impair the inflammatory response

[61, 62]. The aforementioned studies do not only offer evidence for the redundant

function for endothelial selectins in mice, but also shows tissue-specific functions for

E- and P-selectins. For example, in a peritonitis model, P-selectin has a profound

role in leukocyte migration while E-selectin has a minimal role and P-selectin can

compensate for its absence. On the other hand, during cutaneous inflammation, both
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endothelial selectins contribute similarly to leukocyte migration and tend to compen-

sate for each other.

In contrast to the mild phenotypes observed in the single-gene deficient mice, the

concomitant deficiency of E- and P-selectins in mice results in severely impaired

leukocyte homeostasis. The mice display leukocytosis, systemic increases in inflam-

matory cytokines, altered hematopoiesis with expanded splenic hematopoiesis and

high susceptibility to skin and mucosal infections which is associated with a high risk

of mortality [63, 64].

The constitutive expression of E-selectin on human [40] and murine BM endothelium

prompted researchers to study the contribution of endothelial selectins in HSPC hom-

ing [63, 40]. Thus, mice lacking both E- and P-selectins have been studied to unravel

the role of endothelial selectins in the homing of HSPCs to the BM after HSPC trans-

plantation [65, 1]. Following irradiation, double deficient mice exhibit high mortality

rate when transplanted with limiting numbers of wild-type HSPCs (<107 cells/mouse)

due to poor HSPC homing and engraftment which caused hematopoietic failure. Al-

ternatively, the availability of either E- or P-selectin was sufficient to rescue the

irradiated mice and culminate in successful hematopoietic reconstitution, indicating

a redundancy in function for endothelial selectins during HSPC homing and engraft-

ment [65].

Similar to E- and P-selectins, transgenic mice lacking L-selectin (Sell -/-) have been

studied to investigate the role of L-selectin in hematopoietic cell migration. Sell -/-

mice demonstrated significant inhibition in the number of infiltrating neutrophils, T-

cells and monocytes into inflammatory sites during cutaneous inflammation [66, 66,

67]. These studies suggested a crucial contribution of L-selectin in neutrophil migra-

tion into inflammatory sites but not in T-cell migration into inflammatory sites since

the inhibition of T-cell migration was attributed to defective homing of näıve T-cells

to the lymphoid organs [68, 66, 69, 70]. Recently, although L-selectin and its ligands
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are expressed on the surface of HSPCs [71, 72, 73], in vitro migration studies using

L-selectin blocking antibodies showed no effect on human HSPC migration [74, 75].

It should be noted that despite the enormous knowledge on the process of hematopoi-

etic migration, the physiological relevance of P-selectin-mediated inflammatory re-

sponses in humans is unclear. In mice, both E- and P-selectins have overlapping and

partially redundant functions [76, 77]. In human, however, P-selectin is only mini-

mally expressed at sites of leukocyte infiltration, such as at dermal venules, and where

HSPCs infiltrate at BM sinusoids [40, 78]. Moreover, some inflammatory mediators,

such as tumor necrosis factor-α and lipopolysaccharides can induce the expression of

human E-selectin but not P-selectin [78, 79]. Thus, data obtained from mice should

always be cautiously extrapolated to humans.

1.1.2 Selectins and hematopoietic homeostasis

Besides the well-established role of endothelial selectins in HSPC migration, several

reports suggested an effect for endothelial selectins on HSPC homeostasis. For exam-

ple, unlike most of the hematopoietic cells which develop in the BM, T-cells progen-

itors complete the majority of their development and maturation in the thymus [80].

Reports showed that P-selectin is required for efficient thymic settling of circulating

T-cell progenitors [81, 82]. The expression of P-selectin on the thymic endothelium is

dynamically controlled by the quantity of thymic T-cell progenitor and may oscillate

over time [82].

E-selectin has also been shown to affect HSPC homeostasis. Culturing primitive

murine HSPCs with immobilized E-selectin induces their differentiation toward gran-

ulocyte/monocyte lineage cells and reduces their colony forming unit (CFU) po-

tential. In contrast, culturing primitive murine HSPCs with immobilized P-selectin

increased their proliferation and delayed their differentiation in turn, resulting in
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enhanced production of CFU and CFU-S(12) [83]. In another study, it was shown

that the interaction between E-selectin in the vascular BM niche with murine HSCs

induces their exit from a homeostatic dormant state, increasing HSCs cycling, and

decreasing their self-renewal capacity [84]. Moreover, this study also showed that

blocking or knocking-down E-selectin induces chemoresistance, which is attributed

to HSC quiescence. On the other hand, other groups showed that treatment with

an E-selectin antagonist or absence of E-selectin resulted in a completely opposite

effect on human leukaemia stem cells (LSC) derived from patients with acute myeloid

leukemia (AML) [85, 86]. One such study illustrated that the sensitivity of AML-

LSCs to chemotherapy was increased by injecting AML-LSCs in mice then treating

them with chemotherapy combined with an E-selectin antagonist [85]. In yet another

study, a limiting-dilution transplantation demonstrated that AML-LSCs harvested

from Sele -/- mice possessed a decrease in viability and an increase in sensitivity to

chemotherapy [86]. Both studies attributed these results to AML-LSCs mobiliza-

tion from BM to the blood after disrupting E-selectin interactions within the BM

niches, which makes LSCs more accessible to chemotherapy. It is noteworthy to men-

tion that none of the aforementioned studies has been conducted on normal human

HSPCs. Hence, the role of E-selectin on the viability and function of normal human

HSPCs is yet to be examined.

1.1.3 Selectin binding determinants: sialyl-Lewis structures

Most, if not all, physiologically relevant selectin ligands are comprised of a protein

or lipid core coupled to multiple oligosaccharides (Figure 1.3). On proteins, the

oligosaccharides can be of either O- or N -linked types. The oligosaccharides in the

O-linked glycosylation are attached to the oxygen atom of serine (Ser) or threonine

(Thr) residues. Whereas, in the N -linked glycosylation are attached to the nitrogen

atom of aspargine (Asn) residues. In either case, both O- and N -glycans should be ter-
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minally decorated with sLex/a in order to interact with selectins [87, 88]. sialyl-Lewis

x (sLex) is the minimal recognition determinant for selectins, which is composed of a

sialofucosylated tetrasaccharide in which a sialic acid (SA) substitution is attached to

Galactose (Gal) in an α(2,3), and a fucose is added to N-acetylglucosamine (GlcNAc)

in an α(1,3)-linkage (Figure 1.3). Sialyl-Lewis a (sLea) is an isomer for sLex and it

can bind selectins. sLea is similar to sLex except it possesses an α(1,4)-linked fucose

instead of an α(1,3)-linked.

The formation of sLex starts with formation of a type II N-lactoseamine structure

in which Gal is added to GlcNAc by β1,4-galactose transferases (β1,4-GalT), this

structure is usually extended a number of times in order to form a polylactosamine

structure. Out of seven identified β1,4-GalT only two of them are known to be

involved in the formation of functional selectin ligands, namely β1,4-GalTI and β1,4-

GalTIV. Mice deficient in β4GalTI display peripheral blood leukocytosis and reduced

inflammatory responses due to impaired P- and E-selectin dependent rolling [89, 90].

After the synthesis of polylactosamine, α(2,3) sialyltransferases (ST3GalT) catalyze

the addition of SA (NeuAc) to Gal residues in the penultimate type II N-lactoseamine

structures. In mammals, three out of six members in ST3GalT family (ST3GalT-IV,

V and to a lesser extent III) catalyze the sialylation of Gal in α(2,3) style to generate

sLex and related glycans [91, 92, 93]. Knock down of these three ST3GalTs in the

human myeloid cell line, HL60, revealed a predominant role for ST3GalT-IV in regu-

lating the synthesis of selectin ligands [94]. This is consistent with studies conducted

on transgenic mice lacking one of these three ST3GalTs [95]. In this study, the syn-

thesis of selectin ligands in neutrophils showed primary dependence on ST3GalIV.

The addition of fucose to GlcNAc represents the last step in sLex synthesis. Fucose

is a deoxyhexose that presents on terminal O- or N -glycans or directly coupled to

serine or threonine residues on the polypeptide backbone. The human genome en-

codes 13 fucosyltransferase (FT) genes six of which (FTI-VI to FTIX) catalyze the
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addition of fucose in α(1,3/4) linkage necessary to generate sLex/a for selectin-ligand

formation in mammalian cells [96, 97, 98]. Loss of function studies using human

hematopoietic cells, such as CD34+ progenitors and myeloid cells, revealed the cru-

cial contribution of FTIV, FTVII and FTIX to the formation of functional selectin

ligands [99, 100, 101, 102]. Whereas FTVII is specialized in the formation of sLex

structures by adding α(1,3) fucose to sialylated LacNAc-type units, FTIV and FTIX

act on nonsialylated LacNAc units, which generate lower avidity E-selectin ligands

that possess Lex and CD65s antigens [101, 103]. Human leukocytes in which these

three FTs were silenced either individually or in tandem and assessed for its effect

on E-selectin mediated cell rolling ranked the relative contribution of each FT as

follows: FTIX >FTVII >FTIV [104, 105, 101]. Whereas, for P- and L-selectin me-

diated hematopoietic cell rolling these studies suggested a primary role for FTVII

and a secondary role for FTIV. Interestingly, the activity of FTs regulating selectin

ligands formation is species-specific. For example, while FTIX is required for the

proper E-selectin binding activity on human leukocytes, murine leukocytes depend

primarily on FTVII and secondarily on FTIV but not FTIX [100].
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Figure 1.3: The structure of physiologically relevant selectin ligands. The selectin-binding
determinant, sLex structure (purple box), is presented on either O- or N -glycans that are attached
to a protein core. In this figure, we illustrate an O-glycan in which the core 2 branching en-
zyme core 2 β1,6-glucosaminyltransferase-I (C2GlcNAcT-I) attaches a GlcNAc in β(1,6) linkage to
N -acetylgalactosamine (GalNac). After that, galactosyltransferase-I (β1,4GalT-I) adds galactose
(Gal) to GlcNAc and the polysaccharide chain can be extended by variable numbers of repeating
polylactosamine units. The last Gal is sialylated by sialyl 3-galactosyltransferase (ST3Gal-IV or
ST3Gal-V) in α(2,3) linkage and the structure is terminated by the addition of fucose to the last
GlcNAc by fucosyltransferase-(I-VII and IX) in α(1,3) linkage. The purple box indicates the sLex

structure. For P- and L-selectin, ligands should also exhibit sulphated tyrosines (Tyr-SO4; purple
saccharides) and sLex sulfation (not shown). The figure was illustrated by Jamaliah Abu-Rabie.

The importance of each monosaccharide in the sLex structure for E- and P-selectin

binding was resolved by Somers et al. (Figure 1.4) [106]. They showed that the

interaction is solely electrostatic in nature, in which fucose forms a coordinate bond

with Ca2+ embedded in the lectin domain of the selectin via Fuc-3 and Fuc-4 hydroxyl

group. Fuc-4 and Fuc-3 further maintain the interaction by forming a hydrogen

bond with Asn82, Glu80 and Asn105 amino acids, respectively. Furthermore, water-

mediated hydrogen bond takes place between Fuc-2 and Asn83 and Glu107. The Gal

moiety offers other hydrogen bonds to stabilize the interaction in which the hydroxyl
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group 4 interacts with Tyr94 and the hydroxyl group 6 with Glu92. Finally, the

carboxyl group of SA also plays a role in this binding by interacting with Arg97 and

Tyr48. In the case of P- and L-selectins, sLex is not sufficient for their binding alone

and additional modifications such as tyrosine sulfation in the case of P-selectin and

sulfation of sLex structures are required [107, 108]. Although a plethora of studies in

the field highlighted the necessity of sLex/a for selectins binding, in the last few years,

several studies have challenged this. For example, recently, a glycoprotein called T

cell immunoglobulin and mucin domain 1 (TIM-1) has been reported to mediate the

rolling of activated T-cells over P-selectin in vivo. Interestingly, TIM-1 exhibits α1-

(3,4) fucosylation and tyrosine sulfation but not sialylation [109]. In another instance,

a variant form of CD44 glycoprotein that does not express sLex/a was reported to bind

E-selectin on breast cancer cell-lines [110]. Lastly, a study from our lab has recently

shown that CD34 is a P-selectin ligand and although this binding is dependent on

O-glycans and sulfation, it is not SA dependent [under review Blood Advances].

1.1.4 High-affinity selectin ligands

To date, several glycoprotein candidates have been reported to act as ligands for the

selectins. Nonetheless, the physiological relevance has been reported for a limited

number of these candidates. Below is a review of the most characterized candidates

in the field.

1.1.4.1 P-selectin glycoprotein ligand-1 (PSGL-1)

PSGL-1 (or CD162) is the most extensively characterized selectin ligand. PSGL-1

is a disulfide-linked homodimeric glycoprotein that is primarily expressed on the cell

surface of hematopoietic cells including HSPCs and all leukocytes [111, 112, 113,

111]. The structure of PSGL-1 makes it an ideal physiological ligand for all three

selectin molecules [114, 115]. The extracellular domain of PSGL-1 is decorated with



29

Figure 1.4: Crystal Structure based on the interaction of sLex with E- and P-selectin.
Ribbon presentation of the key interactions between the lectin binding domain of E- and P-selectin
with sLex expressed on their ligand. The magnified box illustrates the interactions between the
lectin binding domain and sLex structure. The top panel shows the extensive interactions between
the lectin binding domain (green) with the fucose (Fuc, purple) in which a divalent cation, Ca2+

ion (yellow ball), is required to coordinate these interactions. The lower panel shows the inter-
actions between galactose (Gal) and the sialic acid (NeuNAc) whereas no interactions with the
N-acetylglucosamine (GlcNAc) are evident. The image is adapted from reference [106].

sialylated and fucosylated oligosaccharides that are presented on several closely spaced

sialylated O-glycans and on few N -glycans (up to three). In addition, it also has

three tyrosine sulfation sites [116]. The extensive biochemical characterization of

PSGL-1 interaction with selectins has revealed that O-glycans, not N -glycans, are

central for selectin binding activity [117, 118]; it also revealed that selectins bind to

PSGL-1 based on different structural requirements. For example, P- and L-selectins

interact with PSGL-1 using sialofucosylated O-glycans that are in close proximity

to sulfated tyrosine, whereas sialylation and α(1-3) fucosylation on O-glycans are

sufficient to confer E-selectin binding to PSGL-1. Moreover, monoclonal antibodies

(mAbs) against the extreme N-terminal region of PSGL-1 were able to block P- and

L-selectin interactions with PSGL-1 in biochemical assays as well as in neutrophil
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rolling assay under flow conditions. Nonetheless, it did not affect E-selectin binding

to PSGL-1 [119, 120, 121, 122]. This could imply the availability of different E-

selectin binding epitope(s) on PSGL-1 [119, 120]. Moreover, it has been shown that

the expression of PSGL-1 on leukocytes is not directly correlated with its selectin-

binding activity. Whereas on neutrophils, PSGL-1 is constitutively decorated with

the selectin binding determinants, näıve T cells express a hypoglycosylated form of

PSGL-1 and gain the required selectin binding determinants only upon activation

[123]. It is worth mentioning that although the hypoglycosylated form cannot interact

with selectins it can guide näıve T cell trafficking to the lymphoid organs through its

interaction with chemokines including CCL21 and CCL19 [124, 125]. The scope of

this dissertation focuses on the expression of selectin ligands in two different human

hematopoietic cell types, (i) HSPCs and (ii) activated T-cells. Therefore, we will

discuss the role of these ligands in each cell type independently.

(i) Role of PSGL-1 in HSPC maintenance and migration

PSGL-1 is expressed on HSPCs and its involvement in E- and P-selectin me-

diated HSPCs rolling has also been investigated previously. In vitro blocking

studies demonstrated that PSGL-1 is the primary ligand for P-selectin on hu-

man HSPCs [126]. The role of PSGL-1 in E-selectin mediated HSPCs migra-

tion is species-specific, absence of PSGL-1 in PSGL-1-/- deficient mice suggested

its predominant role in E-selectin mediated murine HSPCs homing. Whereas,

blocking studies and gene-targeted deletion of PSGL-1 of human cells did not

profoundly impact E-selectin mediated HSPCs adhesion due to the availabil-

ity of other E-selectin ligands [73, 126, 127, 128]. In addition to its best-

studied function as a selectin ligand on hematopoietic cells, PSGL-1 ligation

with P-selectin appears to negatively regulate human hematopoiesis by inhibit-

ing HSPC proliferation, in vitro [126].

(ii) Role of PSGL-1 in leukocyte homeostasis and migration
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The physiological contribution of PSGL-1 to leukocyte rolling has been exten-

sively studied in vivo using PSGL-1-/- mice. In these mice, P-selectin mediated

leukocyte rolling was severely impaired. This severe impairment has led the

scientific community to consider PSGL-1 as the sole physiological P-selectin

ligand for almost 2 decades. However, this view is now being challenged with

a study that suggest TIM-1 glycoprotein as another major P-selectin ligand on

stimulated T-cells [109]. Characterization of PSGL-1-/- mice has also substanti-

ated the physiological involvement of PSGL-1 in E-selectin mediated leukocyte

rolling. PSGL-1- deficient leukocytes exhibited reduced tethering to E-selectin,

however, the rolling velocity of the tethered leukocytes was comparable to those

of wild-type leukocytes [129]. Consistent with this finding, in another study

PSGL-1-/- mice showed reduced ability to respond to inflammation. However,

the reduction was less pronounced when compared with E-selectin deficient mice

[130]. These studies suggested that PSGL-1 mediates leukocytes tethering to

E-selectin but not rolling and demonstrated the contribution of other E-selectin

ligands in the rolling process (Discussed below). The function of PSGL-1 in

leukocyte is not only confined to facilitate migration, loss of PSGL-1 can also

affect T-cells homeostasis. Studies from PSGL-1-/- mice suggested that ma-

ture resting T-cells utilize PSGL-1 in their migration from the thymus to the

lymph nodes in a selectin-independent manner [131]. Moreover, it has been

shown recently that T-cell response during viral infection can be negatively reg-

ulated by PSGL-1 ligation and that absence of PSGL-1 promotes effector T-cell

differentiation and reverses the T-cells’ exhaustion phenotype [132, 133].
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1.1.4.2 CD44/hematopoietic cell E- and/or L-selectin ligand

(HCELL)

CD44 is a multifunctional and multistructural cell surface glycoprotein that ranges

in size from 85 to 250 KDa [134]. Its structural variability is mediated by alternative

splicing as well as extensive posttranslational modifications including; N - and O-

glycans and glycosaminoglycan attachment [135]. The most abundant form of CD44

is the standard form (CD44s; 85-95 KDa) which lacks the variable exons (v2v10

and exon 18) [136] and is mostly N -glycosylated [137]. CD44s is also designated as

CD44H because it is expressed mainly on cells of lympho-hematopoietic origin [138].

CD44 variant isoforms (CD44v), which contain a variable number of exon insertions

and mostly O-glycosylated, are extensively expressed on cancerous cells such acute

myeloid leukemia cells [139, 137].

The biochemical characterization of CD44 interaction with selectins revealed that

a specialized glycoform of CD44, known as hematopoietic cell E- and/or L-selectin

ligand (HCELL), has the capacity to interact with E- and L- but not P-selectin.

In normal cells, the HCELL glycoform is comprised of sialofucosylated N -glycans

[140, 141] whereas in cancerous cells, the HCELL binding determinant is expressed

on sialofucosylated O-glycans that are mostly presented on CD44v isoforms [110, 137].

It is worth mentioning that CD44, unlike PSGL-1, can bind L-selectin in a sulfation

independent manner [141].

Below we will discuss the role of CD44 in (i) HSPCs and (ii) leukocytes migration.

(i) Role of CD44/HCELL in HSPCs migration

CD44 was first identified as an E- and L-selectin ligand on human but not

mouse HSPCs [128]. CD44-knockdown on human HSPCs showed profound

decrease (>50%) in E-selectin binding under physiologic shear stress conditions

and enforced HCELL expression on murine primitive HSCs using exogenous

fucosyltransferase-VI (FTVI) resulted in >3-fold increase in HSCs homing in
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vivo [73]. Before this study was conducted several studies suggested the crucial

contribution of CD44 to HSPCs migration. However, since its role as an E-

selectin ligand was not identified, such studies attributed their observations

to the interaction of CD44 with its principal ligand, hyaluronan (HA). For

example, it has been demonstrated that CD44 ligation with its principal ligand

HA facilitate the in vivo migration of human HSPCs to the BM [142]. In another

study, in vivo targeting of CD44 in NOD/SCID mice using a mAb resulted in

the mobilization of human acute myeloid leukemic stem cells from the BM to

the blood [143]. Collectively, these studies suggest a crucial contribution of

CD44 in HSPCs migration through either E-selectin dependent rolling or HA

mediated cell adhesion.

(ii) Role of CD44/HCELL in leukocyte migration

The role of CD44 in leukocytes is diverse. For example, CD44 marks acti-

vated and memory T-cells [144], and binding of CD44 to HA increases both

T-cell proliferation and extravasation into inflammatory sites [145, 146]. Fur-

thermore, CD44 ligation can induce differentiation of acute myeloid leukemia

cells [147] which makes the CD44 molecule a promising target for therapeu-

tic interventions. In addition, CD44 mediates E-selectin binding on stimulated

leukocytes such as neutrophils and murine Th1 cells [148, 149]. Genetic deletion

studies in mice demonstrated that CD44 collaborates with PSGL-1 to mediate

E-selectin dependent leukocyte migration into inflammatory sites [148, 149].

Moreover, intravital imaging of inflamed murine endothelium has demonstrated

that CD44 engagement with E-selectin induces the slow rolling of neutrophils

[148, 150]. Although the CD44 molecule supports E-selectin mediated murine

Th1 migration, in vitro analysis of E-selectin ligands on activated human T-cells

could not confirm a similar role for CD44 [151].
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1.1.4.3 Leukosialin (CD43)

CD43 is a cell surface transmembrane glycoprotein that is expressed on all hematopoi-

etic cells except erythrocytes and resting B cells [152, 153]. 39% of the CD43 polypep-

tide is comprised of Ser/Thr residues. CD43 is extensively O-glycosylated possessing

≈80 O-glycans [154, 155]. In fact, almost 50% of CD43 molecular mass is attributed to

carbohydrates such as Gal and SA [156]. Moreover, different cell types can produce

different O-glycosylation patterns, which results in characteristic molecular weight

isoforms. For example, thymocytes, näıve CD4+ T-cells and monocytes express more

of a 115 KDa isoform, whereas a 130 KDa isoform is expressed mostly on activated

CD4+ T-cells, CD8+ näıve and activated T-cells, neutrophils, platelets, and B cells

[157, 158, 159, 160].

CD43 is involved in diverse functions on hematopoietic cells. For example, it is in-

volved in T-cells maturation and activation as well as in cellular adhesion. Nonethe-

less, its adhesive function is complex and elusive still; an anti-adhesive role and

pro-adhesive role was ascribed to CD43. In the anti-adhesive model, CD43 act as

a repulsive barrier due to a high density of negative charges from SA residues. In

agreement with this hypothesis, it has been shown that the absence of CD43 increased

homotypic aggregation of murine hematopoietic cells, and it enhanced T-cells adhe-

siveness [161, 162, 163, 164]. On the other hand, multiple studies have demonstrated

the pro-adhesive property of CD43. In these studies CD43 was shown to interact

with different adhesion molecules such as E-selectin, ICAM-1 and galectin-1 that are

expressed by the inflamed endothelium as well as on the epithelial cells of the thymic

cortex [165, 166, 167, 168]. Moreover, some studies demonstrated the ability of lig-

ated CD43 to activate integrin-mediated cellular adhesion by mediating intracellular

signals that increase integrin adhesiveness [169, 170].

(i) Role of CD43 in HSPC maintenance and migration

CD43 is considered as a stringent marker for human early HSPCs, along with
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CD34 [171]. It exerts a negative regulatory effect on HSPC homeostasis by reg-

ulating the proliferation of primitive hematopoietic stem cells and by inducing

apoptosis of hematopoietic progenitor cells In vitro [172, 173]. Furthermore, an

In vitro study reported a role for CD43 in murine and human HSPC migra-

tion. It underscored the pro-adhesive properties of CD43 by demonstrating its

interaction with E-selectin [73].

(ii) Role of CD43 in leukocyte maintenance and migration

Multiple studies reported that CD43 can modulate the immune responses by

inducing apoptosis of leukocytes such as T- and B- cells [161, 174, 174, 175].

CD43 can also negatively regulate T-cell responses either through mediating

steric inhibition on T-cell/APC interactions or through mediating intracellular

mechanisms [176, 177]. Regarding cellular migration, reports suggested that

CD43 exerts a negative regulatory effect on näıve T-cell homing to the lymph

nodes by counterbalancing L-selectin-mediated adhesion [178]. Conversely, in

vitro studies suggested a role for CD43 in E-selectin mediated T-cells migration

to sites of inflammation. Specifically, E-selectin interacts with the 130 kDa gly-

coform of human CD43 bearing sLex on O-glycans [179, 165, 151]. Nonetheless,

in vivo studies conducted on CD43-/- mice showed that these observations were

over-evaluated and revealed the dispensable role of CD43 in T-cell migration.

Moreover, it showed that the pro-adhesive property of CD43 is only evident

upon the concomitant disruption of CD43 and PSGL-1 [180, 181].

1.2 Dissertation Objectives

The scope of this dissertation focused on understanding the cellular migration of two

different cell-types; pluripotent stem cell derived- hematopoietic stem/progenitor cells

(ES/iPS-HSPCs) (Chapter 3) as well as human activated T-cells (Chapter 4). The

objective(s) of each chapter are listed below:
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(i) Objective of (Chapter 3)

The derivation of HSPCs from pluripotent stem cells (PSCs), mainly human em-

bryonic stem cells (ESCs) and induced-pluripotent stem cells (iPSs), has already

been reported. Although ES/iPS-HSPCs show a robust clonal proliferation and

multilineage hematopoietic capacity in vitro, their utilization in hematopoietic

transplantation has been hurdled by the relative paucity of BM engrafted cells

[182]. The general aim for (Chapter 3) is to investigate the reason(s) behind the

inability of ES/iPS-HSPCs to home and engraft to BM in xenotransplantation

models. To achieve this, we hypothesized that the deficiency of ES/iPS-HSPCs

homing could be explained by the lack of interactions between homing molecules

on the surface of ES/iPS-HSPCs and their counter-receptors on BM endothe-

lium. Furthermore, we sought to enhance the homing of ES/iPS-HSPCs by

improving the interactions of these homing molecules to their counter-receptors

through different approaches.

(ii) Objective of (Chapter 4)

E-selectin has a well-established role in T-cell recruitment and infiltration to

inflamed endothelium. However, the full repertoire of E-selectin ligands has not

been deeply investigated. Thus, we aimed in (Chapter 4) to identify novel E-

selectin ligand(s) on human activated T-cells. To fulfill this goal we coupled the

power of immunoprecipitaion and mass spectrometry to identify novel ligand(s),

and later confirmed the physiological relevance of some of these identified ligands

using biochemical characterization, flow assays and loss of function studies.
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Chapter 2

Material and Methods

2.1 Cells

Frozen normal peripheral blood mononuclear cells were isolated from subjects with

and without psoriasis were ordered from ALLCells (CA, USA). Näıve Pan T-cell

Isolation Kit and Pan T-cell Isolation Kit (Miltenyi Biotec) were used to isolate

T-cells using the AutoMACS machine. For activation, 106 cells/ml of CD3+ cells

were incubated with 5-µg/ml of immobilized anti-CD3 (clone: OKT3, eBioscience)

in RPMI media, 10% fetal bovine serum (FBS, Cellgro), 1-µg/ml anti-CD28 (BD

Bioscience), and 100 U/ml of IL-2 for 36h. Then, cells were collected and cultured

for two days with 100 U/ml of IL-2.

Human iPS clone SC-9N was obtained from Prof. Belmonte lab (Salk Institute

for Biological Sciences, USA) and human ESC cell line H1, were purchased from

WiCell (WI, USA). Both cell types were maintained undifferentiated over mouse

feeder fibroblast (CF-1 cell-line) as previously described [183]. Briefly, the cells were

cultured over irradiated CF-1 cells using Konckout-DMEM/F12 media supplemented

with 10-ng/ml fibroblast growth factor (FGF-b1) (Life Technologies), 20% knockout

serum replacement media (GIBCO), non-essential amino acids (GIBCO), Glutmax

(GIBCO) and 55-µM 2-mercaptoethanol. The media was changed every day and the

cells were passed using either 1-mg/ml collagenase VI (GIBCO) or using mechanical

passage when needed. Cord Blood CD34+ Stem/Progenitor Cells were ordered from

ALLCells (CA, USA).
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The OP9 mouse bone marrow stromal cells were obtained from Prof. Belmonte

lab (Salk Institute for Biological Sciences, USA). The cells were maintained in OP9

growth media that is composed of α-modified minimum essential media (α-MEM)

(Fisher Scientific) supplemented with 20% non-heat inactivated defined FBS (Hy-

clone).

2.2 Antibodies

The following primary antibodies were used: anti-human CD25 (BD, clone:M-A251,

msIgG1), anti-human CD44 (R&D, clone: 2C5, msIgG2a), anti-human CD43 (BD,

clone: L60 and 1G10, msIgG1), anti-human CD6 (BD, Clone: M-T605), anti-human

CD6 (Santa Cruz, Clone: F-4, H-6 and SPV-L14), anti-human PSGL-1 (Biolegend,

clone: KPL-1, mIgG1), anti-CLA (BD, Rat-IgM), anti-CD15s (BD, msIgM), FITC

anti-human CD43 (BD, clone: 1G10, msIgG1), PE anti-human CD34 (BD, clone:

8G12, msIgG1), PE anti-human CD34 (BD, clone: 8G12, msIgG1), PE-labeled strep-

tavidin (BD), APC anti-human TRA-1-85/ CD147 (R&D, mIgG1), eFluor 450 anti-

mouse CD29 (eBioscience, Armenian Hamster IgG ). PE anti-human IL-4 (Clone:

8D4-8, rat IgG1), Pacific Blue anti-human IL-17A (Clone: BL168, msIgG1) and APC

anti-human IFN-Gamma (Clone B27, msIgG1) were bought from Biolegend. FITC

anti-human CD44v7 (msIgG1) and FITC anti-Human CD44v7/8 (msIgG2b) were

bought from ebioscience. Mouse anti-human CD44v10 (clone: VFF-14, msIgG1),

APC mouse anti-human CD44v3 (msIgG2b), PE anti-human CD26 and PE mouse

anti-human CD44v4/5 ( msIgG1) were bought from Fisher Scientific. FITC mouse

anti-human CD44v6 (clone: VFF-7, msIgG1) were bought from Invitrogen. Puri-

fied mouse anti-human B3GNT7 antibody was bought from Santa Cruz. Purified

mouse anti-human CD44v6 (clone: 2F10, msIgG1) were bought from R&D. Rat anti-

human CD44v9 was purchased from Abnova (clone: RV3, rat sIgG2a). The following

secondary antibodies were purchased from Fisher Scientific: HRP anti-human IgG,
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biotin-conjugated mouse anti-human IgG and HRP-goat anti-mouse IgG. In addi-

tion, we used HRP goat anti-human IgG from southernbiotech. To separate CD4+

and CD8+ cells, total cell population of human activated T-cells were labeled with

either FITC-conjugated anti-CD4 mAb (Miltenyi Biotec) or APC-conjugated anti-

CD8 mAb (BD) and then separated by anti-FITC or anti-APC microbeads (Miltenyi

Biotec), respectively using autoMACS cell-sorting machine.

2.3 Hematopoietic differentiation of human iPS in co-culture

with OP9

For human iPS differentiation toward HSCs, OP9 cells were plated onto gelatinized 6-

well plates or 10-cm2 dishes using OP9 growth medium. After formation of confluent

cultures on days 4, half of the medium was changed, and cells were cultured for an

additional 3 to 4 days. Undifferentiated human iPS were mechanically picked in small

clumps. Human iPS were added to OP9 cultures in α-MEM supplemented with 10%

FBS (HyClone) and 100-µM of 1-thioglycerol (MTG; Sigma-Aldrich). The human

iPS/OP9 co-culture was incubated for up to 13 or 14 days at 370C in 5% CO2 with

a half-medium change on days 4, 6, 8, 10 and 12. At day 13 or 14, the cells were

harvested and single-cell suspension was prepared by treatment of human iPS/OP9

cocultures with collagenase IV (GIBCO; 1 mg/mL in Knockout-DMEM/F12) for

30min at 37oC, followed by treatment with StemPro Accutase (GIBCO) supplemented

with 0.1-mg/ml Deoxyribonuclease I from bovine pancreas (Sigma-Aldrich) for 30min

at 370C. Cells were washed twice with Hank’s Balanced Salt Solution (HBSS) with

5% FBS (Cellgro) and Ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific)

filtered through a 70-µM cell strainer (BD Biosciences), counted, and used for sorting

and flow-cytometric assays.
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2.4 Surface fucosylation

To decorate the cell-surface glycans with α(1-3) linked fucose, 107 of human iPS-

HSPCs were treated with α(1-3) FTVI in 1 mL reaction buffer composed of HBSS

containing 0.5-mM GDP-fucose (Sigma-Aldrich), 0.3% human serum albumin, 25-mM

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 5-mM MnCl2 for

45min at 370C. Sham-treated cells were incubated with the complete reaction buffer

without FTVI. After that cells were washed three time in 2-mM EDTA containing

HBSS buffer.

2.5 Clonogenic progenitor cell assay

To assays for the clonogenic efficiency of human iPS-HSPCs after FTVI treatment,

2 × 103 cells were either treated or untreated with FTVI and plated in three 35-

mm low-adherent culture dishes (Stem Cell Technologies) in 1 ml/dish of MethoCult

H4433 medium (Stem Cell Technologies) and incubated at 37C, 5% CO2 in a humid-

ified chamber. Total colonies, erythroid burst-forming units (BFU-Es), granulocyte-

macrophage colony-forming units (CFU-GMs), and granulocyte-erythroid-megakaryocyte-

macrophage colony-forming units (CFU-GEMMs) were enumerated on day 21 of cul-

ture.

2.6 Bone marrow engraftment

Female pathogen-free NOD-SCID IL-2Rγnull (NSG) mice (The Jackson Laboratory),

at seven weeks of age, were used as recipients. The mice were irradiated with 325

cGy, twelve hours before intravenous injections (retro-orbital injection of the venous

sinus) of 105 of CB mononuclear cells (n=5 mice) or 7 × 105 cells/ mouse of FTVI-

treated (n=4 mice) or sham-treated human iPS-HSPCs (n=5 mice). Six weeks after

transplantation, blood was withdrawn from the mice to assay for human chimerism,
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while after 8 weeks, mice were bled and killed. BM cells were isolated from both

femora and filtered through a 100-µm mesh cell strainer to remove debris. After

lysis of erythrocytes, the BM nucleated cells from each mouse were resuspended in

PBS at a concentration of 106/mL. Engraftment of human cells was analyzed by flow

cytometry based on human CD45 cell surface expression to examine human chimerism

and human CD33 to detect myeloid lineages and CD19 to detect lymphoid lineages.

2.7 In vivo bioluminescence imaging of transplanted mice

14 hours following the transplantation of luciferase expressing induced-pluripotent

stem cell-derived hematopoietic stem cells (iPS-HSCs), D-luciferin was injected in-

traperitoneally into anesthetized NSG mice and bioluminescent images were taken

using the in vivo IVIS Imaging System from Lumina with the following parameters,

FOV=22.2, binning=Medium, f=1, and exposure time=180sec. The quantification of

the bioluminescence intensity in regions-of-interest (ROI) was done by drawing free

hand in the dorsal and ventral regions. Data were presented as the mean ± SD.

2.8 Flow Cytometry Analysis, Sorting and AutoMacs cell

seperation

The expression of E-selectin ligands was determined by assaying the binding of recom-

binant mouse E-selectin/CD62E Fc chimera (E-Ig) (R&D). First, cells were washed

and resuspended in HBSS containing 5% FBS (Cellgro), 25-mM HEPES, and 2-mM

CaCl2 or 10-mM EDTA (negative control) and then stained for 30min at 40C with E-

Ig followed by biotin-conjugated mouse anti-human IgG antibody; stained cells were

recognized by PE-labeled Streptavidin. The expression of any surface receptor was

done by incubating 5× 105 cells with 10µg/ml antibody in HBSS containing 5% FBS

(Cellgro) and 2-mM EDTA for 30min at 4oC. Then, the binding was detected using

the FACSCanto and analyzed using FlowJo software. In case of intracellular stain-
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ing the cells were treated with fixation/permeabilization solution (BD). For sorting,

the differentiated human iPS/OP9 were dissociated into single cell as described above

then the OP9 cells were removed using mouse cell depletion kit (Miltenyi Biotec). Af-

ter that, the cells were stained with FITC anti-human CD43, PE anti-human CD34,

PE-labeled streptavidin, APC anti-human TRA-1-85/ CD147, eFluor 450 anti-mouse

CD29 (mouse cells marker). Then, the cells were washed twice in HBSS containing

5% FBS (Cellgro) and 2-mM EDTA, and passed through 40-µM cell strainer (BD

Biosciences) and iPS-HSPCs were sorted by BD InfluxTM cell sorter. For sorting the

CD29+ cells were excluded as they represent OP9 cells. Then, we gated on the hu-

man cells using TRA-1-85/CD147 marker. After that, the cells the express human

CD34+ marker and CD34+CD43+ were collected in one tube and used for clonogenic

assay, Ex-vivo fucosylation and gene expression analysis. For cell enrichment we used

AutoMACS machine from Miltenyi Biotec. Depending on the purpose, we either en-

riched for human iPS using mouse cell depletion kit or enriched for iPS-HSPCs using

human CD34 microbeads kit, both kits were purchased from Miltenyi Biotec. The

cells were prepared for AutoMACS seperation according to the company protocols.

2.9 Immunoprecipitation and Western Blot

Cells were lysed using CHAPS lysis buffer (FIVEphoton biochemicals) or 1% Tri-

ton X-100 (Fisher scientific) in 150-mM NaCl, 50-mM Tris-Base, at pH 7.4 with 1-

mM phenylmethanesulfonyl fluoride and a protease inhibitor cocktail (Roche) at 4oC.

Next, the lysate was pre-cleared and incubated overnight with 50 µl of Dynabeads

Protein G and with 5 µg recombinant E-Ig in the presence of 5-mM CaCl2 or with

specific mAbs such as CD44 mAb (clone: IM7 from Biolegend and 515 from BD Bio-

science, 2µg/each) or PSGL-1 mAb (clone: KPL-1 from Biolegend and clone 1.BB.238

from Santa Cruz, 2µg/each). Next, the supernatant was collected to verify the effi-

ciency of the Immunoprecipitation (IP) while the remaining bead-antibody-antigen
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complex was washed and then resuspended in an adequate amount of lysis buffer,

NuPAGE LDS sample buffer (Invitrogen) and 10% β-mercaptoethanol, followed by

protein elution by heating for 10min at 700C. The immuno-purified proteins were

subjected to SDS-PAGE and transferred to a PVDF membrane. The resulting mem-

brane was blocked using Tris-buffered Saline with Tween-20 (Cell Signaling Technol-

ogy) containing 5% non-fat milk and then incubated with the recombinant E-Ig and

2-mM CaCl2, or with specific mAbs such as anti-human CD44 (clone: 2C5 (R&D) or

Hermes-3 (Abgent), anti-human PSGL-1 (KPL-1, BD), or anti-human CD34 (clone:

L60 and 1G10). Next, the membranes were immunoblotted with HRP-conjugated

antibodies (Thermo Fisher).

2.10 Mass Spectrometry Sample Preparation

Proteins were analyzed by mass spectrometry as previously described [184]. Briefly,

the immuno-purified E-selectin ligands were separated using SDS-PAGE and the pro-

tein bands were visualized by SYPRO Ruby protein gel stain (Life Technologies). The

bands were cut and treated with a trypsin profile IGD kit (Sigma-Aldrich). The re-

sulting peptides were extracted using extraction buffer containing 5% acetonitrile, 95

% water, and 0.1% formic acid, dried using a speed vacuum, fractionated by Nanoflow

LC system, and then analyzed using LTQ Orbitrap. The raw data was converted to

the Mascot generic format and searched using the online Mascot database.

2.11 Deglycosylation Assay

Immuno-purified proteins were treated with 20 mU ml1 of peptide:N -Glycosidase F(
PNGase-F from NEB

)
, 0.1 U ml1 sialidase (Roche), or 120 g ml1 of O-sialoglycoprotin

endopeptidase
(
OSGE, Cedarlane

)
; treatments with PNGase or OSGE were per-

formed for 4 h at 37oC, and the sialidase treatment was done in HBSS with 5-mM

CaCl2 for 3 h at 37oC. As a control, each treatment was performed under the same
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conditions with no added enzymes.

2.12 Blot-Rolling Assay

This assay was carried out as previously reported [185, 186]. Briefly, CHO cells

expressing E-selectin (CHO-E) were harvested with 10-mM EDTA, washed, and re-

suspended at 107 cells/ml in HBSS (135-mM NaCl) supplemented with 2-mM CaCl2

. Western blot membranes of immuno-purified PSGL-1 or CD44 were stained with

HECA-452 or 2C5 mAbs, respectively. After that, the plots were rendered transpar-

ent using HBSS, 2-mM CaCl2, and 10% glycerol. Next, the blots were placed in the

parallel plate flow chamber (Harvard Apparatus) and 106 cells were perfused into the

chamber at a shear stress rate of 0.5 dyne/cm2 and rolling cells were captured on

videotape. The number of rolling cells and the cell displacement on the Y-axis over

time (Velocity, µm/sec) for both proteins were determined using Imaris V7 software

(Bitplane). Only cells with a minimum diameter of 10 µm and with minimum thresh-

old intensities were included in the analyses. To count the number of rolling cells,

those that moved less than four frames or had a total displacement of less than 10±3

µm were considered non-specific and eliminated from the analysis. To measure the

velocity, we blotted the position of each rolling cell for each field (µm) over time (sec)

and then calculated the fitted slope as an indicator of the average velocity.

2.13 Parallel Plate Flow Chamber Assay

Cells were resuspended in HBSS that contain 2-mM CaCl2 (106 cell/ml) and per-

fused over a confluent monolayer of CHO-E cells at shear stresses starting from 0.3

dyne/cm2 for 2min followed by gradual increases every 30sec from 1 to 5 dyne/cm2.

Experiments were observed in real time and videotaped for analysis. Statistical anal-

ysis was performed using one-way ANOVA followed by multiple comparison and a

Tukeys test for correction (GraphPad Prism software).
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2.14 RT-PCR

The total RNA was extracted from the cells using PureLink RNA mini kit (Thermo

Fisher Scientific) using on-column PureLink DNase treatment protocol. After that,

the cDNA was synthesized from the total RNA using High Capacity cDNA Re-

verse Transcription kit (Applied Biosystems). For each RT-PCR reaction, 20-ng

of cDNA was added to fast SYBR green master mix (Applied Biosystems) and

the gene specific primers. The default fast setup installed on 7900HT Fast qPCR

instruments (Applied Biosystems) was used to run the RT-PCR. For FTVII the

forward primer was 5’GCGGCTGCCGTGATTTGAG3’ whereas the reverse primer

was 5’CCGTGCCCAGCATTATTCATCC3’. For B3GNT7 the forward primer was

5’TCCAGAAGTTGTTGGGGTTC3’ and the reverse primer was 5’TCTCACCC-

CTGGTCAGTTTC3’.

2.15 Lentiviral Production, Infection, and Selection

293XT cells were seeded in 6-well plate. One hour before transfection, the cells were

fed with 1.5 ml of DMEM + 10% FBS without antibiotics. Next, we transfected

the cells with 1µg of B3GNT7 shRNA or scrambled shRNA (La Jolla Institute for

Allergy and Immunology) together with 0.5µg pMDL, 0.25µg of pRev and 0.25µg

of VSVG vector DNA using lipofectamine 3000 (Invitrogen)and Opti-MEM media.

Then the cells were cultured at 37oC and the supernatant were collected every day

for 3 days. Next, we used PEG-it virus precipitation solution (Systembio) to con-

centrate the viral supernatant and centrifuged at 1500g for 30 mins. After that,

the virus pellets were resuspended in 100 µl phosphate buffer saline (100X) and we

added 1X of the virus to feeder-free iPS and we centrifuged at 1850 rpm for one hour.

Next, the cells were cultured at 37oC for 24 hours and the media were changed for

two more days. Starting from day 4 of transfection to day eight, we fed the cells
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with media containing puromycin to select for transfected cells. The sequence of

B3GNT7 oligo in the shRNA was ”CCGGCATTCGCAGGAAAGACAACAACTC-

GAGTTGTTGTCTTTCCTGCGAATGTTTTTG”

2.16 Knockdown of CD44, PSGL-1, and CD43

T-cells were activated with anti-CD3/anti-CD28 in presence of interleukin-2 for 48

hours. Next, the cells were collected and treated for 7min at 37oC with 1 mg/ml of

bromelain (Sigma-Aldrich) in RPMI media with 10% FBS to preferentially cleave the

carbonyl ends of lysine, alanine, tyrosine, and glycine. The cells were then washed

three times in media and prepared for transfection. To knockdown CD44, we used

50-pmol of the siRNA sequences s2681 and s2682; to knock down PSGL-1, we used

100-pmol of s12688; and to knockdown CD43, we used 140-pmol of s13368. All

siRNA sequences were obtained from Silent Select, Life technologies. Negative control

No.1 was used as the scrambled sequence for the transfection (Silencer Select, Life

Technologies; 4390843). The cells were transfected according to the company protocol

(Lonza) for the P3 Primary Cell 4D X Kit (V4XP). After 24h of transfection, the dead

cells were removed by Ficoll separation and the live cells were collected for parallel

plate flow chamber assay and Western blot analysis.

2.17 BIAcore Analysis

Using the BIAcore T-100 system (GE healthcare) as described previously [187], a

CM-5 sensor chip was activated with a 7min injection of N-hydroxysuccinimide (NHS)

and 1-ethyl-3-(3-dimethylamino propyl) carbodiimide hydrochloride (EDC) at a 1:1

ratio. mAbs against CD44 (clone: Hermes-3, Abgent) and PSGL-1 (clone: KPL-

1, Biolegend) were directly immobilized by amine coupling to capture the native

proteins from the fresh T-cell lysate. To correct against the buffer’s bulk refractive

index and the non-specific interactions of the lysate, the isotype controls for CD44
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and PSGL-1 mAb were immobilized (mIgG2a and mIgG1, respectively) on the control

flow cells.To determine the number of response units (RUs) for each immobilized

mAb, 20 × 106 activated human T-cells were lysed in 100µl of 250-mM NaCl, 50-

mM Tris-HCL, and 1% triton X-100 for 4h; then 200µl of this solution was run over

the immobilized mAb for 700sec at 20 µl/min.To study E-Ig binding, 30µg/ml of

E-Ig in 50-mM NaCl, 50-mM Tris-HCL, 1% Triton X-100, and 1-mM CaCl2 was

injected over the captured proteins for 300sec in the presence of 5-mM EDTA or

1-mM CaCl2 at 20µl/min; data analyses were performed using BIAcore evaluation

software. The actual RUs of E-Ig with CD44 or PSGL-1 was determined by correcting

for the bulk refractive index and subtracting the non-specific interaction of E-Ig with

the isotype control. We conducted the kinetic analysis in 150-mM NaCl running

buffer. Ligands were immobilized over the chip as described above, and then a series

of E-Ig concentrations (0.78-800 nM) were injected at 30 µl/min for 300sec; a 300sec

delay between injections was applied and there were no regeneration steps between

injections. To define the equilibrium dissociation constant (KD), we determined the

maximum response unit (RUmax) of bound E-Ig after each E-Ig injection, prior to

the washing step. We then blotted RUmax over the E-Ig serial dilutions and applied

a hyperbola fitting (origin software V8). The BIA evaluation software was used

to calculate the apparent dissociation rate constant (Koff-apparent) of the interaction

between mAb/captured-protein complex and E-Ig by fitting the stable phase in the

buffer wash. The apparent association rate constant (Kon-apparent) was calculated using

equation (1):

Kon-apparent =
Koff-apparent

KD

The theoretical RUmax of E-Ig bound to immobilized ligands (mAb/captured-CD44

or captured PSGL-1 complexes) was calculated based on equation (2):

RUmax = RULigand ×
molecularweightofanalyte

molecularweightofligand
× V alency ligand
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The percent activity of the immobilized ligand was calculated from equation (3):

Ligand activity =
ObservedRUmax

TheoreticalRUmax

For example, in one of the four experiments conducted to calculate the ligand activity

of CD44 binding to E-Ig at 150-mM NaCl, assuming 1:1 valency between the Hermes-

3 mAb and CD44, we found that ≈ 13% of the RU of the mAb (≈ 150 kDa) captured

263.2 RU of the CD44 (≈ 85 kDa). In total, 960.5 ligand response units (RUligand)

were captured; 613.1 RU were attributed to the 13% surface immobilized mAb and

347.3 RU were associated with captured CD44. Thus, the theoretical RUmax from the

binding of E-Ig (300 kDa, dimer form of E-selectin) to the 960.5 RUligand (Hermes-

3/CD44 complex, 230 kDa), assuming 1:1 valency for CD44/E-Ig interaction, is

1226.1 RU. Our steady state fit data suggest a value of 864.1 RU for the RUmax.

When we divide the observed RUmax value by the theoretical value, it appears likely

that only 70.5% of the captured CD44 were properly oriented to interact with E-Ig

or that a maximum of 70.5% captured CD44 were decorated with the appropriate

glycosylation required for E-selectin binding. These calculations were also performed

for the interaction between PSGL-1-KPL-1 (390 kDa, 149.7 RUligand and E-Ig (572.2

fitted RUmax), and assuming 2:1 valency of the interaction, we observed around 248%

activity of dimer (dimer interaction), indicating that a minimum of two E-Ig interact

with a monomer of PSGL-1 at 150-mM NaCl.
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Chapter 3

Enforced fucosylation of hematopoietic stem cells derived

from human induced pluripotent stem cells is not sufficient

to improve their engraftment efficiency

3.1 Hematopoiesis

3.1.1 Introduction

During adulthood, some mature blood cellular components are short lived thus for

proper homeostasis, the hematopoietic system needs to produce around one trillion

blood cells daily [188]. At the top of this huge production process, adult HSCs exit

their homeostatic quiescent state and enter the cycle to produce hematopoietic pro-

genitor cells (HPCs) which possess the capability to proliferate and produce unilineage

cells to meet everyday demand (Figure 3.1). The process through which blood cellu-

lar components are generated from multipotent HSCs is called hematopoiesis. During

development two different types of HSCs are formed in a sequential manner
(
termed

waves
)

and in different embryonic tissues. The initial pool of HSCs is generated fol-

lowing gastrulation (E7.5 in mouse and 21E in human) in the mammalian yolk sac

and it is termed primitive [189, 190]. Primitive HSCs represent a transient type of

HSCs with a primary focus on generating unipotent red blood cells to provide tissue

oxygenation for rapidly-growing embryos [191]. Primitive HSCs can be distinguished

by the expression of embryonic fetal globins [192] as well as their inability to recon-

stitute the hematopoietic system of irradiate mice after intravenous transplantation

[193].
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Figure 3.1: Hematopoiesis. The scheme highlights the process through which mature blood cells
are produced from adult HSCs. This figure is adopted from www.eBioscience.com© (2012).

The primitive wave of HSCs is rapidly replaced by another pool of HSCs termed

definitive HSC
(
E8.5 in mouse and 27E in human

)
that originate from the aorta-
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gonads-mesonephros (AGM) [194, 195, 196]. In this area, definitive HSCs bud directly

from a cell population, termed haemogenic endothelium [197, 198]. These HSCs are

multipotent and possess the capacity of long-term multilineage repopulation of ir-

radiated mice when isolated at E10.5 [194, 199]. From E11 in mouse and 42E in

human, definitive HSCs are detectable in multiple sites including yolk sac, fetal liver

and placenta [199, 200, 201]. There is a little dispute about which of those sites is

capable of promoting de novo HSC generation, with a plethora of studies that pro-

vide compelling evidence of the AGM region as the only site [194, 201, 202, 203, 204].

Thereby, it is acceptable that the AGM region produces HSCs which later migrate

temporarily to other sites to expand and maintain homeostasis. From E17.5 in mice

and 77E in human, migrating HSCs start to localize in to their final destination, BM,

the place where adult HSCs are found [205].

Different sites for hematopoiesis provide different niches, thus generating HSCs with

different characteristics. For instance, unlike the AGM region which function pri-

marily on de novo HSC generation, the fetal liver niche has the ability to expand

HSCs and induce hematopoiesis to generate differentiated blood cells until late fetal

life [206, 207, 208]. Moreover, the fetal liver hosts HSCs that are in cycle, whereas

adult HSCs enter and exit the cycle in a regular manner based on the homeostatic

conditions [207]. Although BM is considered home for adult HSCs, during steady-

state hematopoiesis, adult HSCs can exit the BM and enter the blood circulation(
mobilization

)
. The physiological importance for this migration is unknown. Yet,

several hypotheses have been suggested to explain this phenomenon such as the mo-

bilization is required after events that consume HSCs and demand differentiation.

Therefore, HSCs move from one BM niche to another through circulation to ensure

the proper distribution of the cells. In another hypothesis circulating HSCs are con-

sidered as an emergency reservoir that can be rapidly recruited in case of urgent

demands such as catastrophic blood loss [209].
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Perturbation in hematopoiesis can lead to the development of several hematological

disorders and malignancies such as anemia, leukemia and lymphoma. HSC transplan-

tation is a treatment paradigm that is used to cure a wide range of malignant and

non-malignant hematological diseases [210]. It involves intravenous administration

of autologous or allogenic HSCs to replenish the recipients defective hematopoietic

system. Currently, transplantable HSCs are isolated from BM, umbilical cord blood

(CB), or mobilized peripheral blood (m-PB) [211]. Successful hematopoietic reconsti-

tution after HSC transplantation depends on efficient homing and engraftment of the

HSCs to their niches in the BM. On the other hand, it is well known that not all HSCs

infused into the patients find their way out of the circulation to BM niches and the

majority are trapped in several anatomic compartments other than BM [212, 213].

Moreover, the number of extracted HSCs from the conventional sources is very lim-

ited in supply and is often difficult for some patients to find HLA-matched donors.

In fact, finding a matched donor ranges from 79% of patients with Caucasian back-

ground to 16% for blacks of South or Central American descent [214]. In addition,

HSCs isolated from conventional sources are not trivial to expand ex vivo or to genet-

ically manipulate. Therefore, several approaches have been developed to improve the

clinical outcomes from HSC transplantation including: i) finding alternative sources

of HSCs, ii) improving the communication between HSCs and BM endothelium by

modulating the homing molecules, iii) developing techniques for ex vivo expansion of

donors HSCs [215]; and iiii) infusion of allo-engraftment-facilitating cells [216]. Only

the first two approaches are related to the scope of this dissertation. Thus, below we

will focus on these more.

3.1.2 Alternative sources of HSPCs

Finding alternative sources for HSCs holds a great potential for regenerative medicine.

pluripotent stem cells (PSCs) are one of the promising sources for HSCs transplanta-
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tion due to their unique characteristics of self-renewal and pluripotency. Self-renewal

defines the ability of a PSC to proliferate and replicate itself indefinitely, thus main-

taining its own population. Whereas, pluripotency is the potential of the PSCs to

differentiate into any cell-type representing the three germ layers: ectoderm, meso-

derm and endoderm upon injection into immunodeficient mice or when cultured in

vitro using the appropriate growth factors and exogenous signals. While pluripotency

is a transient cellular state in developing embryos, researchers were able to capture

multiple types of PSCs in vitro from different tissues at different developmental stages.

The first type of PSCs were derived in 1981 by grafting testicular teratomas into mice

that resulted in the formation of undifferentiated embryonic cells [217]. This work was

very crucial for later studies that led scientists to derive pluripotent non-transformed

embryonic stem cell (ESC) lines from primodial germ cells (embryonic germ cells)

and from the inner cell mass of the murine blastocysts [218, 217, 219]. In human,

however, the derivation of the first human ESC line was not accomplished until 1998

by a group led by Dr. James Thomson seventeen years following the derivation of

the first mouse ESC [220]. Human ESC-lines are derived from extra embryos after in

vitro fertilization (IVF) where each human ESC-line is derived from a single embryo,

and therefore exhibiting a unique genetic background. During 2006-2007, a major

scientific breakthrough in the field of pluripotency was achieved by Nobel Prize win-

ner Yamanaka and his colleagues [223, 224]. They were able to reprogram terminally

differentiated fibroblasts into pluripotent cells. Their work has paved the way to

research that potentially allows patients to use their own somatic cells (i.e. dermal

fibroblasts, etc.) to generate pluripotent cells (induced-pluripotent stem cell (iPS))

that have the potential to differentiate toward any cell type that is therapeutically

needed by the patient. This pluripotency is achieved by stimulating the patient’s own

cells to travel back in development toward embryo-like stage after ectopic expression

of specific core pluripotency transcription factors namely, Oct4, SOX2, KLF4 and
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c-MYC (OSKM, Yamanaka factors) [224, 225]. Oct4 and SOX2 have indispensable

role in maintaining the pluripotency, knockdown of any of them can cause rapid ESC

differentiation [226, 227]. During the pluripotency stage, they interact directly with

each other as well as with other transcription factors or co-activators to regulate gene

activation/silencing in a manner that maintains self-renewal and inhibits differentia-

tion [228, 229, 226]. Remarkably, Oct4 and SOX2 can sustain their own transcription

by binding their own promoter as well as each others promoters [230, 231]. Fur-

thermore, genes activated by these core reprogramming factors were often shown to

activate the expression of their own activators thus creating a positive-feedback loop

that maintains the pluripotency gene-regulatory network. KLf4 and its family mem-

bers Klf2 and Klf5 play a crucial role in maintaining Nanog expression either by

directly interacting with its promoter or by making direct interactions with Oct4 and

SOX2 proteins that activate Nanog expression. Absence of Nanog in mouse embryos

impair the ESC derivation potential [232, 233]. Nonetheless, Nanog is crucial for

the construction of pluripotency rather than maintaining it; ESCs that lack Nanog

can maintain their self-renewal capacity and pluripotency [234]. A subsequent study

showed that c-Myc is dispensable for iPS derivation and replaced it with Nanog to

overcome the tumorigenicity problem that is associated with c-Myc overexpression

[235]. When the iPS system was first reported, it faced a major technical limita-

tion related to the derivation method which relied on potentially harmful genome

integrating viruses, such as retroviruses [223] and lentiviruses [236], to deliver trans-

genic reprogramming factors. The genomic integration of these viruses into the host

genome increases the risk of carcinogenesis. Furthermore, the residual expression of

four core reprogramming factors following the derivation of iPS cells is highly unde-

sirable since they are all strictly speaking oncogenes, which imply a risk of cancer

formation. Nonetheless, the promising applications of iPS-cells in medical research

and regenerative medicine evoked researchers to make immense efforts to develop
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low-risk new reprogramming approaches [237, 238] that can generate clinically safe-

iPS. Such efforts utilize integration-free delivery systems including, but not limited,

to episomal vectors [239] and recombinant proteins based system [240]. The possi-

bility of using safer transcription factors (non-oncogenic), micro-RNAs [241] or small

molecules [242, 243] to replace the core reprogramming factor(s) and/or enhance the

reprogramming processes are also being investigated.

The biomedical applications of human ESC/iPS are wide-ranging [238]. For exam-

ple, ESC/iPS have been employed for disease modeling in order to better understand

disease etiology and to develop novel therapeutic regimens [238, 244, 245]. In such

studies, ESC/iPS are manipulated genetically to knock-down or over-express some

genes to investigate their role in development and understand birth defects. Al-

though various animal models have been utilized to understand human diseases for

decades, ESC/iPS pose to be a better system considering the genomic variability

between species [246, 247]. Another advantage for ESC/iPS is their use as a source

for drug discovery or for testing drug efficacy and safety [238, 248]. Currently, newly

discovered drugs must be evaluated in animal models, then on human cells or human

subjects to test their safety before all the approvals allow the release of the drug

into the market. This is a very long and costly procedure given that only 10% of

clinically-tested drugs make it to the market approval stage. Moreover, animal mod-

els can fail to anticipate the drug risks and what seems to be curative in animals is

not necessarily beneficial in humans. For example, although Vitamin-E and creatine

were reported to relief Amyotrophic Lateral Sclerosis (ALS) in animal studies, it did

not improve the lives of ALS patients [249, 250]. Therefore, PSCs-derived cells offer

a promising shortcut to conduct clinical trials where animal models are no longer

needed. Another important medical application for ESC/iPS is their implementation

in cell-based therapy and tissue transplantation therapies to treat a wide range of

degenerative diseases. One such example is to use ESC/iPS and direct their differ-
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entiation towards insulin-producing cells for diabetes [251], dopaminergic neurons for

Parkinson’s disease [252], or HSCs for transplantation therapies for hematopoietic

disorders [253].

Pluripotent stem cell derived- hematopoietic stem/progenitor cells (ES/iPS-HSPCs)

hold great promise for HSPC transplantation as a potentially continuous source for

HSCs and are amenable to large-scale production in vitro due to their unlimited ex-

pansion potential as well as their ability to overcome the challenge of finding immune-

compatible donors. Although human ESCs and their derivatives, do appear to possess

some immuno-modulation capabilities [209], the use of human induced-pluripotent

stem cell-derived hematopoietic stem/progenitor cell (iPS-HSPC) in which the iPS

are derived from patients’ own cells would completely address the issue of tissue

immuno-compatibility.

3.1.2.1 Programming of human PSCs into HSPC: current

methodologies and limitations

Considerable efforts have been made to optimize the protocols for de novo HSC gen-

eration from human ESC/iPS. Currently, HSCs can be generated from these two

sources in two different strategies, namely directed differentiation or isolation from

teratoma in vivo (Figure 3.2). The majority of the efforts have focused on the di-

rected differentiation strategy, in which ESC/iPS are enforced to differentiate toward

HSCs by recapitulating hematopoietic ontogeny in vitro. Directed differentiation can

be approached using either genetic manipulation, in which key master regulators of

hematopoiesis such as SCL/TAL1 or specific homebox (Hox) genes are ectopically

expressed in ESC/iPS cells [254, 255, 256], or by timed addition of lineage-skewing

cytokines and morphogens such as Interleukin-3, Interleukin-6 and BMP-4 [257, 258],

or through co-culture techniques in which ESC/iPS are co-cultured over a monolayer

of stromal cells that stimulate hematopoiesis [259, 260]. In the second strategy for
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ES/iPS-HSPCs derivation, ESC/iPS are injected into immune-deficient mice to allow

the formation of teratomas. Subsequently, human HSCs
(
identified by CD34+CD45+

surface markers
)

can then be isolated from the teratoma [261, 262].

The functionality of ES/iPS-HSPCs derived using the aforementioned strategies can

be assessed using molecular as well as functional characteristics (Figure 3.3). Stud-

ies have demonstrated that ES/iPS-HSPCs are considered to be functional based on

their molecular properties such as the expression of HSCs markers like CD34 [263],

Fibroblast

ESC

iPS

HSC

Embryoid bodies

 with cytokines

Co-culture
Teratoma formation

Figure 3.2: Current strategies for HSPCs derivation from ESC/iPS. The figure illustrates
the current strategies towards de novo generation of human HSCs from ESC/iPS. (1) The green
arrows represents the directed differentiation strategy while the blue arrow the teratoma formation
strategy.

and CD43 [171] as well as based on their in vitro functional properties, namely

using CFU assays that measure the multilineage hematopoietic capacity of ES/iPS-

HSPCs [264]. However, the principal goal of generating robust transplantable HSCs

was not achieved yet. ES/iPS-HSPCs derived by directed differentiation proto-

cols contain mostly myeloid-restricted lineages with limited repopulation capacity

in vivo and show low engraftment efficiency (within 0.1%-2%) after intravenous or

intrafemoral xenotransplantation into immunodeficient mice [182, 265, 261, 266, 267,

260, 268]. Although, ES/iPS-HSPCs derived by current differentiation conditions

are useful for drug screening and understanding hematopoietic development, major

efforts are needed to improve the outcomes of the differentiation protocols for their

utilization in regenerative medicine.
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Figure 3.3: The functional and molecular characterization of ES/iPS-HSPCs. The
ultimate goal for PSC differentiation protocols is to produce functionally active HSPCs. HSPCs
derived from ESC/iPS are assessed based on their functional as well molecular characteristics. (1)
Functional criteria of ES/iPS-HSPCs are based on: i) multilineage hematopoietic capacity (HSPCs
are capable of engrafting and repopulating the entire hematopoietic system after xenotransplantation
into immunodeficient mice in vivo and of forming colonies in vitro); ii) self-renewal potential (assessed
by serial xenotransplantation in vivo); iii) homing and engraftment (assessed in vivo by determining
the localization of transplanted cells in the BM). (2) Molecular characterization of ES/iPS-HSPCs:
to compare ES/iPS-HSPCs to their somatic counterparts on the molecular level which includes
expression of common surface proteins (CD34+, CD43+, CD45RA-) or gene expression analysis
(RNA-seq, PCR, etc.). (3) Additional future criteria for classifying ES/iPS-HSPCs: A combination
of all known ’omics data, gene-regulatory-network-based analysis, and optimization of HSCs reporter
lines can lead to more precise ES/iPS-HSPCs assessment. This figure is adopted from reference [253]

3.1.3 Enhancing the homing and engraftment of HSPCs

The inevitable role of sialyl-Lewis x (sLex) moiety in mediating the binding between

selectins and their ligands has focused the attention on the enzymatic machinery re-

quired for the construction of sLex structure such as ST3Gal and fucosyltransferases

(see Chapter 1). Researchers enforced transient fucosylation of cell membrane gly-

cans on several cell types by exposing intact cells to recombinant fucosyltransferase-VI

(FTVI) or fucosyltransferase-VII (FTVII) in presence of GDP-fucose as a substrate

donor [269, 270, 271, 272]. This ex vivo enzymatic treatment increases the presen-

tation of fucosylated glycan on the α(2,3)-sialylated structures, most notably the
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formation of sLex, thereby allowing intact cells to bind E-selectin under flow and

static conditions. Currently, this strategy is under study in clinical trials to the

engraftment of cord blood-HSPC (CB-HSPC) after transplantation [273]. In other

attempts to enhance the HSCs interaction with BM endothelium, scientists focused

on modulating one of the key players involved in the second step of the multistep

paradigm, CXCR4 (see Chapter 1). Retention of administered HSPCs in the BM

relies on SDF-1 concentrations and binding capacity towards its receptor, CXCR4

[274]. Moreover, this binding axis has proven to be key to achieving engraftment

of HSPC within the BM. It was demonstrated that ex vivo exposure of HSPCs to

Prostaglandin E2 (PGE2) or to a histone deacetylase inhibitor valporic acid (VPA) or

to mild heat treatment (39.5oC) can upregulate CXCR4 and enhance HSPCs homing

efficiency [275, 276, 277, 278, 279]. Moreover, studies showed that the effect of PGE2

and VPA on HSCs goes beyond enhancing homing and extends to stimulate HSCs

expansion [280, 281, 282]. PGE2 approach has already proved its efficacy in phase

1 clinical trial using CB-HSPCs and awaits further validation [276]. Exopeptidases,

such as dipeptidyl peptidase 4 (DPP4; CD26), matrix metalloproteinase (MMP)-2,

and MMP-9 often inactivate SDF-1 [283, 284, 285, 286, 287, 288]. SDF-1 is cleaved

by DPP4 at position 2–3 and by MMPs at position 4–5, leading to the loss of its bind-

ing activity to CXCR4 [289]. Broxmeyer and colleagues were the first to report that

inhibition of CD26 on cells leads to enhanced homing and long-term engraftment in

experimental transplantation models. This work suggests that CD26 is a novel target

for increasing transplantation efficiency since its expression on donor cells negatively

regulates homing and engraftment. As a result, inhibition of the CD26 enzyme, elim-

inates the inactivation of the SDF-1/CXCR4 and is a promising approach to retain

chemotactic activity [290, 291].
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3.2 Objective

Directing the homing and engraftment of iPS-HSPCs toward their anatomic compart-

ment could improve the engraftment of iPS-HSPCs. In this project, we hypothesized

that iPS-HSPCs exhibit a deficiency in homing molecules expression and/or lack the

appropriate post-translational modifications that are required for successful homing

to BM niche. Thus, we investigated the expression of the molecular effectors of

homing on iPS-HSPCs and compared it to that on somatic-HSCs. Additionally, we

investigated whether the implementation of ex vivo glycan engineering of cell surface

glycoproteins using recombinant FTVI will modify the adhesion molecules by adding

the appropriate structure(s) (sLex/a structures) necessary to create homing molecules.

3.3 Results

3.3.1 Maintenance and differentiation of human iPS towards

HSPCs

Human iPS cell line (SC-9N) was co-cultured with mouse embryonic feeder (MEF) in

the presence of FGF-2 and the absence of FBS (see section 2.1) as previously reported

[224]. The iPS colonies were analyzed for maintenance of pluripotency based on their

colony morphology as well as on the expression of pluripotency cell surface markers,

namely SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81. As shown in Figure 3.4A, we

were able to maintain human iPS colonies in their undifferentiated state. The colonies

are comprised of small round cells with spaces between them, and with well-defined

borders. Almost 95% of the cells were expressing pluripotency cell surface markers,

namely SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 (Figure 3.4B).

To differentiate human iPS toward HSPCs, we utilized the directed a differentia-

tion strategy. Specifically, we used the co-culturing system in which human iPS cells

were cultured over a monolayer of mouse OP9 stromal cells to derive HSPCs [292]
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(see section 2.3). During differentiation, human iPS cells undergo several morpholog-

ical changes [293]. Figure 3.4C illustrates the morphological characteristics for iPS

colonies co-cultured with OP9 cells. On day 2 of differentiation, iPS colonies appeared

as dense, sharply-circumscribed spheroid colonies. On Day 4, differentiated colonies

started to display mesodermal morphology with dense, elevated central portions com-

posed of compact round cells (Figure 3.4C, blue arrows). From day 6 onwards, the

colonies take the shape of radial sac-like structures and the cobblestone-like cells

started to appear (Figure 3.4C, green arrows). To examine HSCs formation, the

cells were harvested on day 13 or 14 of differentiation, then they were double stained

for TRA-1-85 antigen to select for human cells and CD34 antigen, the most reliable

surface marker for human HSCs [263]. Using this protocol, up to 30% of the human

iPS cells differentiated toward HSPCs (Figure 3.4D).
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Figure 3.4: Maintenance and differentiation of human iPS cells. To maintain human
iPS cells in their undifferentiated status, the cells were cultured on MEF in presence of FGF-β
and the media was changed daily. (A) Morphology of iPS colony grown on MEF. The colony has
clear borders and a high nucleus:cytoplasm ratio. (B) Expression of pluripotency markers. Several
human iPS colonies were picked manually and their pluripotency was assessed using flow cytometry.
Black lines represent the pluriptency markers and gray lines represent the isotype controls. (C)
Morphology of differentiated iPS colony after 2, 4, 6 and 8 days of co-culture with OP9 stromal
cells. Images were captured with EVOS cell imaging system (Thermo Scientific) using 4 X objective.
(D) To determine whether HSPCs were generated from human iPS, we conducted flow cytometry
analysis. The cells were double stained with anti-TRA-1-85 to identify human cells and with anti-
human CD34 to detect human HSPCs. The colored box shows the back-gating. The figure is a
representative experiment of n≥ 10.
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3.3.2 iPS-HSPCs lack functional selectin ligands critical for

migration to BM

In this work, we hypothesized that the observed inability of iPS-HSPCs to migrate in

vivo can be, at least partially, explained by a deficiency in the expression of properly

glycosylated selectin ligands. To this end, we sought to investigate the expression of

E-selectin ligands on iPS-HSPCs and compare it to somatic HSPCs from cord blood

that have the ability to engraft in vivo (CB-HSPCs) as a positive control. As de-

scribed in (see section 1.1.3), selectins bind to specialized carbohydrate determinants,

comprising sialosylations that have an α(2,3)-linked sialic acid substitution on galac-

tose and an α(1,3)-linked fucose modification on N -acetylglucosamine, prototypically

displayed as the terminal tetrasaccharide sLex/a [294, 295]. To determine whether

iPS-HSPCs express sLex/a, we co-cultured iPS with OP9 for at 13 or 14 days then

we enriched for CD34+ cells using CD34 microbeads kit prior to performing double

staining for human CD34 antigen to define HSCs, and HECA-452 mAb to recognize

sLex/a-specific structures. As shown in Figure 3.5A, left panel, iPS-HSPCs lack

the epitope for HECA-452 mAb. Moreover, the absence of HECA-452 reactivity was

consistent with the absence of E-selectin binding activity as shown by Western blot

analysis (n=3) (Figure 3.5B). To examine whether the lack of HECA-452 antigenic

determinant is a unique characteristic of iPS-HSPCs. We derived HSPCs from ESC

(H1 cell-line) and tested for HECA-452 reactivity. Similar to iPS-HSPCs, ES-HSPCs

lack HECA-452 antigenic determinant (Figure 3.5A, right panel).

HSPCs homing is not solely mediated by selectins. In fact, the expression of other

homing effectors such as chemokines and integrins, which function downstream of E-

selectin, can have an impact on successful HSPCs homing and engraftment. For ex-

ample, elevation of functional CXCR4 expression increases the BM homing [296, 12]

by activating major integrins, namely very late antigen-4 (VLA-4) and very late

antigen-5 (VLA-5) that lead to activation-dependent arrest of HSPCs [25]. There-
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fore, we sought to examine the expression of these homing molecules. To this end,

we performed flow cytometry analysis to test the expression CXCR4, as well as inte-

grin subunits; VLA-4 and VLA-5. As illustrated in (Figure 3.5C), HSPCs express

a moderate amount of CXCR4, VLA-4 and a high amount of VLA-5. Collectively,

these results indicate that iPS-HSPCs express an ample amount of molecules required

for firm adhesion and extravasation. However, they are devoid of crucial mediators

that function during the first step in HSPCs homing process: the selectin ligands.
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Figure 3.5: iPS-HSPCs lack E-selectin binding determinant: sLex/a structures. (A)
Human iPS (left panel) and ESCs (right panel) were differentiated toward HSPCs then the cells
were harvested and double stained for CD34 surface antigen and HECA-452 antigenic determinant.
(B) The lack of sLex/a structures and E-selectin binding on iPS-HSPCs was confirmed by Western
blot analysis. Unlike CB-HSPCs, human iPS-HSPCs do not bind to E-selectin. (C) To examine
the expression of the homing molecules that act downstream of endothelial selectins we performed
flow cytometry analysis. Left panel shows the expression of CXCR4, middle and right panels show
integrin subunits, VLA-4 and VLA-5, respectively. This is a representative experiment of n≥ 3
independent experiments. The gates were set based on the isotype controls after compensation.
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3.3.3 iPS-HSPCs can be engineered ex vivo to express func-

tional E-selectin ligands

Inadequate fucosylation of selectin ligands results in poor HSC homing and engraft-

ment [269]. However, this defect can be circumvented by exogenous fucosylation of

the ligands with recombinant fucosyltransferases (as described in 3.1.3). Indeed, sev-

eral studies demonstrated that treatment of a number of cell types with exogenous

FTs conferred cell surface maturation of sLex epitope thus increasing its affinity to

E-selectin and improving their engraftment [269, 270, 271, 297]. To test whether the

iPS-HSPCs express adequate amounts of α(1,3)-fucosyltransferase compared to CB-

HSPCs, we performed RT-PCR analysis to quantify the relative expression of FTVII,

which is widely expressed on hematopoietic cells including CD34+ cells from BM and

appears to be the dominant FTs responsible for producing leukocyte selectin ligand

activity [298, 102, 299]. Our data demonstrated that iPS-HSPCs express a signifi-

cantly lower amount of FTVII when compared with CB-HSPCs; 49.9 ± 4.7 fold (Data

are mean ± SD, n=3, p-value = 0.007). Given this stark difference in fucosyltrans-

ferase expression, we decided to determine if ex vivo treatment of the iPS-HSPCs

with recombinant FTVI, prepared in our lab, would be sufficient to create E-selectin

ligands. Following treatment with FTVI, iPS-HSPCs gained HECA-452 reactivity in-

dicating sLex/a structures were created (Figure 3.5A). The ability of the fucosylated

ligands to bind E-selectin was confirmed by Western blot analysis (Figure 3.6B, up-

per panel). Furthermore, immunoprecipitation of the known E-selectin ligands on

HSCs [187, 73] shows that both CD43 and CD44 were decorated with HECA-452

antigenic determinants following treatment (Figure 3.6, lower panel) while PSGL-1

was not detected by any of the PSGL-1 antibody clones tested. To determine whether

the treatment affected the clonogenic activity of iPS-HSPC, we performed the CFU

assay on FTVI treated and untreated iPS-HSPCs. As evident in Figure 3.6C, the

treatment did not affect the the clonogenic activity of FTVI treated iPS-HSPCs com-
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pared to untreated control cells (n=3, p-value=0.91).
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Figure 3.6: Ex vivo fucosylation of iPS-HSPCs induces their E-selectin binding activity. iPS-
HSPCs were harvested and treated with FTVI to enforce the fucosylation of surface glycans. (A)
Flow cytometry analysis shows that the cells were appropriately fucosylated with FTVI to express
HECA-452 on their surface. (B) The expression of functional E-selectin ligand after FTVI treatment
was examined by Western blot analysis (upper panel). FTVI decorated CD44 and CD43 with sLex/a

structures and thus these two ligands acquired E-selectin binding activity after the treatment (lower
panel). (C) CFU assay shows that ex vivo fucosylation (FTVI(+)) did not affect the multipotent
clonal behavior of iPS-HSPCs.
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3.3.4 Fucosylation does not rescue the poor engraftment ef-

ficiency of human iPS-HSPCs

To investigate whether the ex vivo fucosylation resulted in functionally relevant E-

selectin ligands in vivo, we sought to conduct short-term BM homing assay. To

achieve this, we transplanted ex vivo fucosylated iPS-HSPCs, un-fucosylated iPS-

HSPCs (derived from iPS cells stably expressing the luciferase gene), or CB-HSPCs

in sublethally-irradiated NSG mice via retro-orbital injection. 14 hours after trans-

plantation, we utilized in vivo IVIS bioluminescent imaging system to examine the

distribution patterns of fucosylated and unfucosylated iPS-HSPCs after transplan-

tation. As evident in Figure 3.7A and B, the bioluminescent intensities in mice

that received unfucosylated iPS-HSPCs was significantly higher than that observed

in mice that received fucosylated iPS-HSPCs. To explain this observation further, we

suspected that the migration capacity of fucosylated cells allowed them to migrate to

several sites instead of co-localizing in specific sites which resulted in a signal intensity

below the IVIS detection threshold. This is supported by the high signal intensity

we observed around the site of injection (ventral and dorsal head) in mice that re-

ceived unfucosylated iPS-HSPCs. We next sought to assess the BM homing efficiency

by measuring the magnitude of human chimerism in the peripheral blood (PB) at 6

weeks following transplantation, and in the BM at 8 weeks following transplantation.

At 6 weeks, the PB of CB-HSPCs recipients showed 3.8 ± 2.1% human CD45+ cells

(huCD45+). However, in recipients of fucosylated and unfucosylated iPS-HSPCs, the

fraction of huCD45+ was negligible (0.013 ± 0.004%; n=2 mice and 0.011 ± 0.007%;

n=5, respectively. Data are mean ± SD). Eight weeks after transplantation, anal-

ysis of the BM revealed that transplantion of CB-HSPCs resulted in 21.45±5.65 %

human chimerism of which 31.43 ± 12.61% expressed human CD33 antigen (myeloid

lineages) and 12.63 ± 4.45% expressed human CD19 antigen; (mean ± SD; n=4

mice). A representative flow-cytometry analysis from one mouse is presented in Fig-
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ure 3.7C. Nonetheless, neither fucosylated nor unfucosylated iPS-HSPCs showed

any significant amount of huCD45+ fraction. The fucosylated cells exhibited 0.020 ±

0.01% huCD45+ (mean ± SD; n=2 mice) and the unfucosylated cells exhibited 0.024

± 0.01% huCD45+ (mean ± SD; n=5 mice). Figure 3.7D and E show representa-

tive flow cytometric analysis from one mouse per group. Taken together, these data

suggest that although the transient fucosylation by FTVI elevated the expression of

E-selectin ligands, it failed to produce engraftment-competent iPS-HSPCs.
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Figure 3.7: Ex vivo fucosylation of iPS-HSPCs does not enhance the BM homing efficiency of
xenotransplanted human iPS-HSPCs. After enforcing the fucosylation of luciferase expressing iPS-
HSPCs, the cells were injected into NSG mice to evaluate their BM homing efficiency. To examine
whether the fucosylation has affected the spatial distribution of the cells, we visualized the mice
using an IVIS Lumina® instrument. (A) Whole body in vivo images of mice obtained at 14 hours
post-transplantation. (B) Quantification of the bioluminescent signals obtained from IVIS imaging
system. Data were analyzed by Living Image® 4.3.1 software and presented as mean ± SD, *p
<0.05 using the unpaired t-test. To assay for human chimerism, the BM of transplanted mice were
harvested and stained for huCD45+ at 8 weeks post-transplantation. (C) A representative flow
cytometric that shows the fraction of huCD45+ from one mouse transplanted with CB-HSPCs. The
figure also shows the fraction of lymphoid (upper panel, CD19) and myeloid lineages (lower panel,
CD33), (D) and (E) show the percentage of human chimerism obtained from one mouse per group
transplanted with unfucosylated or fucosylated iPS-HSPCs, respectively.
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3.3.5 Another attempt to enhance sLex expression on human

iPS-HSPCs

Recently, it was shown that the ectopic expression of the B3GNT7 gene can dimin-

ish the migration capacity and metastasis of colon and lung cancer cells [300, 301].

The B3GnT7 belongs to B3GnT family which consists of eight different enzymes,

designated B3GnT2-B3GnT9, it actively extends sulfated and non-sulfated polylac-

tosamine structures by adding GlcNAc moiety in a β(1-3) linkage. It has been re-

ported to be expressed at various levels in different normal tissues except for the

skeletal muscle and liver and to be minimally expressed in cancerous cell lines [301].

The up-regulation of B3GNT7 was found to inhibit the formation of sLex/a structures

and subsequently diminished the metastasis potential of colon carcinoma [300]. Thus,

we hypothesized that this enzyme can be upregulated in iPS-HSPCs which may lead

to the observed lack of E-selectin binding activity. We therefore sought to test its

expression in iPS-HSPCs. Using RT-PCR, we found B3GNT7 to be substantially up-

regulated in human iPS-HSPCs when compared with CB-HSPCs; 4.35 ± 0.55 fold,

p-value=.0057 (Data are mean ± SD, n=3). To test its effect on sLex/a formation,

we managed to knockdown B3GNT7 gene in human iPS cells (iPS/B3GNT7-) using

shRNA (Figure 3.8B). Next, we directed their differentiation toward HSPCs and

tested the expression of sLex/a using the flow cytometric assay. As shown in Figure

3.8B-C, sLex/a profile of iPS/B3GNT7- was comparable to the mock control cells

and the suppression of B3GNT7 was not sufficient to elevate sLex/a expression.
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Figure 3.8: The effect of B3GNT7 inhibition on sLex/a expression. (A) shRNA designed against
B3GNT7 gene effectively decreased the expression of B3GnT7 enzyme in iPS cells. To test whether
the inhibition of B3GNT7 was sufficient to induce sLex/a expression we derived HSPCs from human
iPS cell and then we conducted flow cytometry analysis using CD34 mAb to detect HSPCs and
HECA-452 mAb to detect sLex/a. (B) Shows the flow cytometric analysis of iPS-HSPCs transfected
with scrambled shRNA and (C) shows iPS-HSPCs transfected with B3GNT7 shRNA. As evident,
inhibition of B3GNT7 expression is not sufficient to induce sLex/a expression.

3.4 Discussion

Generating engraftable HSCs from human iPS cells has been challenging. Although

human iPS-HSPCs show robust multilineage potential in vitro, their successful use

in clinic has been hindered by their relative paucity of engraftment in vivo. Upon

xenotransplantation, iPS-HSPCs are unable to home toward their BM niches thus

they cannot sustain their self-renewal ability as well as their multilineage potential.

In an effort to investigate the reason(s) behind the observed failure of engraftment, we

assumed that this may be due, at least in part, to the lack of the essential machinery

required for iPS-HSPCs initial interactions with BM endothelium. As discussed in

Chapter 1, the initial interactions, namely tethering and rolling, are highly dependent
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on the expression of selectins on BM endothelium and their ligands on iPS-HSPCs.

Consistent with our hypothesis, multiple studies have underscored the importance of

selectin binding to HSPC homing to BM. In such studies a strong correlation between

sLex/a expression and E-selectin binding was observed and the necessity of fucosyla-

tion to E-selectin mediated BM homing was evident; only fucosylated HSPCs can

home to and engraft in the BM [269, 302, 270, 297]. Indeed, our analysis of sLex/a

expression has demonstrated that human iPS-HSPCs are defective in E-selectin bind-

ing due to insufficient endogenous fucosylation of selectin ligands.

Since 2004, the methodology of ex vivo glycan engineering using exogenous FTs treat-

ment has been utilized on several cell types to increase in the expression of sLex/a

determinant on the cell surface thus enhance E-selectin binding capacity and ulti-

mately increase BM homing and engraftment [269, 302, 270, 271, 297]. Indeed, in

this work we have demonstrated that enforced fucosylation of human iPS-HSPCs with

exogenous FTVI and GDP-fucose resulted in increased E-selectin binding of human

iPS-HSPCs, in vitro. Nonetheless, our in vivo studies illustrated that the treatment

was not sufficient to improve iPS-HSPCs homing and engraftment to the BM of ir-

radiated NSG mice. It is unlikely that the treatment has affected the multilineage

potential of the cells or that the Mn2+ in FTVI reaction buffer has killed the cells,

since we have not observed any significant difference in the clonogenic potential of

FTVI treated iPS-HSPCs compared to untreated cells, in vitro.

In an effort to explain the poor homing of iPS-HSPCs even after inducing the ex-

pression of E-selectin ligands, we studied the expression of CXCR4. Several studies

have shown that the interaction of CXCR4 on HSCs with SDF-1 is indispensable

for HSCs homing and engraftment [285, 13]. Our data showed that iPS-HSPCs ex-

press adequate level of CXCR4. Nonetheless, recent studies have demonstrated that

CXCR4 expression is not absolute for proper HSPCs homing and engraftment since

its function can be counteracted by the expression of a membrane-bound ectopepti-
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dase called CD26. CD26 can degrade SDF-1 and deplete it from its activity, thereby,

leading to defective iPS-HSPCs homing/engraftment [303]. Furthermore, it has been

reported that inhibition or deletion of CD26 on CB-HSPCs can increase their seeding

efficiency and engraftment either in vitro or in vivo [303, 304, 305]. Interestingly,

preliminary studies in our lab that analyze the expression of CD26 on PSC- derived

HSPCs showed that iPS-HSPCs, but not ESC-HSPCs express an ample amount of

CD26 (Figure A.4). Thus, it is crucial to investigate the effect of CD26 on the

homing of PSC-derived HSPCs.

It has been suggested that the adhesion of human adult CD34+ cells to high densities

of E- or P-selectin, in vitro, inhibits proliferation and induces apoptosis, [306, 126].

However, the physiological relevance of those observations has not been addressed. In

yet another study, it has been suggested that vascular niche E-selectin induces murine

HSCs proliferation and HSC turnover thus decreasing their self-renewal ability and

increasing their chemosensitivity [84]. The relevance of this observation to human

HSCs is unclear and the ability of ex vivo fucosylated CB-HSPCs to repopulate BM

niches after xenotransplantation challenges these studies [269, 302, 270, 297]. More-

over, recent studies on human leukemic stem cells have shown that vascular E-selectin

protects the leukemic stem cells from chemotherapy by ensuring their localization in

the BM niche and inducing their dormancy [85, 86]. Whether the augmentation of

E-selectin binding after ex vivo fucosylation has affected the viability of iPS-HSPCs

needs to be determined.

Another potential explanation for our in vivo observations can be related to a more

technical problem. Before transplantation, we sorted the iPS-HSPCs based on their

expression of CD34 and CD43, both CD34+ population and CD34+CD43+ population

were injected in irradiated NSG mice. It is possible that by sorting, we inadvertently

deprived the cells from essential accessory cells that are required for supporting the

survival and expansion of primitive hematopoietic cells [307, 308, 309].
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The structural alterations and glyco-modifications to the polylactosamine backbone,

such as sulfation and α(2,6)-sialylation, markedly affect the synthesis of sLex/a epi-

topes [310, 311]. Hence, in another attempt to enhance sLex/a expression on the

surface of iPS-HSPCs, we managed to down-regulate the expression of an enzyme

namely B3GnT7 that is known to be crucially involved in the extension of sulfated and

non-sulfated polylactosamine structures which suppresses sLex/a synthesis [300, 301].

Unfortunately, the suppression of B3GNT7 expression could not elevate the synthesis

of sLex/a structures. This could likely be caused by the expression of other B3GnT

enzymes that has a redundant function with B3GnT7. We have analyzed publi-

cally available transcriptome datasets to investigate whether other B3GNT genes are

upregulated in human iPS-HSPCs. Indeed, we found B3GNT9 to be significantly

upregulated in PSC-derived HSPCs when compared with CB-HSPCs. However, to

date, no studies have reported the biochemical activity of B3GnT9 enzyme neither

showed the redundant function between B3GNT7 and B3GNT9. Thus, it would be

interesting to investigate the effect of B3GNT9 suppression on sLex/a antigen forma-

tion in iPS-HSPCs.

In summary, although ex vivo glycan engineering of several cell types has proved

its sufficiency in mediating cells homing and engraftment, we could not confirm the

same effect on human iPS-HSPC. Moreover, we could not conclude whether the prob-

lem was stemming from a technical issue during short-term homing assay or due to

unknown intrinsic functional deficiencies of iPS-HSPC.
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Chapter 4

An analysis of trafficking receptors shows that CD44 and

P-Selectin Glycoprotein Ligand-1 collectively control the

migration of activated human T-cells

4.1 Introduction

Recruitment and infiltration of activated T-cells is necessary for the development and

maintenance of the immune response. Immune dysregulation occurs when the natural

response to protect against pathogens and injuries is disrupted, a state that can lead

to autoimmunity. Psoriasis, characterized by painful red skin lesions, is an autoim-

mune skin disease that affects about 2-5% of the world population. Activated T-cells

are key players in mediating the immune response causing skin diseases, such as pso-

riasis [312, 313], likely explained by their tendency to upregulate functional selectin

ligands and chemokines that are associated with their migration to skin [314, 315].

This migration requires that activated T-cells tether and roll onto selectins expressed

on the endothelium ultimately leading to transendothelial migration following a pe-

riod of arrest [314, 316, 317]. Tethering and rolling are highly dependent on the ability

of activated T-cells to express glycoproteins that reversibly and transiently bind to

P- and E-selectins [30, 87, 318] (see section 1.1). In mice both selectins have over-

lapping and partially redundant functions [76, 77]. In human, however, P-selectin is

only minimally expressed at sites of leukocyte infiltration, such as at dermal venules,

and where HSPCs infiltrate at BM sinusoids [78, 40]. Moreover, the ability of some

inflammatory mediators, such as tumor necrosis factor-α and lipopolysaccharides, to
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induce the expression of human E-selectin but not P-selectin, limits the relevance of

P-selectin-mediated skin inflammatory responses in humans [318, 78, 79, 319].

To date, only two E-selectin ligands have been reported on activated human T-cells

PSGL-1 [320] and CD43 [151, 181] (see section 1.1.4). In mice, in vivo studies have il-

lustrated that a concomitant deficiency of these ligands is not sufficient to completely

eliminate E-selectin-dependent migration of activated T-cells, suggesting other lig-

ands are present [181, 180]. In this study, we utilized the power of mass spectrometry

to identify unknown E-selectin ligands expressed on the surface of activated human

T-cells. Using this technology we detected a repertoire of glycoproteins that bind

to recombinant E-selectin protein. In addition to the previously described ligands,

PSGL-1 and CD43, we also identified CD44, a well-described E-selectin ligand on

human HSPCs and neutrophils [73, 128, 148], on activated human T-cells. As men-

tioned in section 1.1.4.2, CD44 is a structurally variable cell surface glycoprotein that

ranges in size from 85 to 250 KDa. This structural variability is mediated by alterna-

tive splicing as well as extensive posttranslational modifications including N - and few

O-glycosylation and glycosaminoglycan attachment [135]. The most abundant form

of CD44 is the standard form (CD44s; 85-95 KDa) which lacks the variable exons (v2–

10 and exon 18) [136] and it is mostly N -glycosylated [137]. CD44s is also designated

as CD44H because it is expressed mainly on cells of lympho-hematopoietic origin

[138]. CD44 marks activated and memory T-cells and is reported to function as an

E-selectin ligand on HSPCs, neutrophils and mouse T helper-1 cells [73, 128, 148, 149].

Furthermore, binding of CD44 to HA increases both T-cell proliferation and extrava-

sation into inflammatory sites [145, 146], however its role as an E-selectin ligand on

human T-cells has not previously been established. In fact, it is reported that CD44

from cutaneous lymphocyte-associated antigen (CLA) human T-cells does not inter-

act with E-selectin [151]. Although CD44 was reported as an E-selectin ligand on

mouse T helper-1 cells, extrapolating studies from mouse to humans should be done
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with caution due to the significant differences between the human and mouse immune

systems [149, 246, 321]. Therefore, we found it crucial to explore the role of CD44

as a functional E-selectin ligand on human activated T-cells. Here, we demonstrated

that CD44 isolated from human activated CD4+ and CD8+ T-cells is decorated with

sialofucosylated glycans and binds to E-selectin, which thereby defines it as the spe-

cialized glycoform, HCELL [128, 322]. Moreover, in vivo activated T-cells isolated

from psoriasis patients strongly suggest that both PSGL-1 and CD44, but not CD43,

are the major E-selectin ligands. Using small interfering RNA (siRNA) knockdown

approach in primary activated human T-cells, we demonstrated that CD44 cooper-

ates with PSGL-1 to maintain and support T-cell rolling under physiological flow

conditions. This work has significant implications in the development of targeted

therapies to combat inflammatory diseases where T-cell trafficking is more dependent

on E-selectin expression (i.e. psoriasis, rheumatoid arthritis) to selectively interfere

with the pathophysiology of these diseases through the targeting of a subset of these

major E-selectin ligands.

4.2 Objective

The purpose for this project was to identify novel E-selectin ligand(s) on human ac-

tivated T-cells by utilizing the power of mass spectrometry. Before this work was

conducted, two E-selectin ligands were reported on human activated T-cells namely

P-selectin glycoprotein ligand-1 (PSGL-1, CD162) and CD43. Nonetheless, human

activated T-cells can still migrate to the inflamed tissue after the concomitant knock-

out of both ligands, which suggests the availability of other ligand(s). Thus, we aimed

to identify the hidden molecule(s) that facilitate human activated T-cell interaction

with E-selectin on inflamed endothelium in the absence of PSGL-1 and CD43.
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4.3 Results

4.3.1 CD44 is an E-Selectin ligand on human activated T-

cells

Activation of näıve human T-cells results in the expression of selectin ligands [323]. Se-

lectins bind to specialized sialofucosylated carbohydrate determinants, prototypically

displayed as the terminal tetrasaccharide sLex/a (see section 1.1.3) [294, 295]. Flow

cytometric analysis of sLex/a expression on human activated T-cells was confirmed

using specific mAbs, HECA-452 and CD15s [73, 320], that were shown to markedly

increase after activation subsequently leading to E-selectin binding (Figure 4.1A).

Overall, these results suggest that human T-cells were appropriately stimulated in

culture to express functional E-selectin ligands.

In order to fully elucidate the potential repertoire of E-selectin ligands on the surface

of activated human T-cells, we immuno-purified the ligands using E-Ig and the prod-

ucts were analyzed by mass spectrometry; of the 32 proteins detected (Table A.1),

10 were identified as cell membrane glycoproteins that could bind E-selectin (Table

4.1). The role of CD44 in many cellular processes, including growth, survival, differ-

entiation, and migration of hematopoietic cells [73, 147, 322, 134, 137], motivated us

to substantiate its involvement in E-selectin-mediated T-cell migration. To this end,

we immuno-purified equal amounts of CD44 from näıve and activated T-cells (Figure

4.1B, right) and assessed E-Ig-binding activity by Western blot. As illustrated in

Figure 4.1B, left; CD44 isolated from näıve T-cells is non-functional and gained

E-selectin binding activity only upon T-cell activation. To identify the T-cell subset

that expressed E-selectin binding activity toward CD44, we purified CD4 and CD8

cells from the activated T-cell pool with more than 90% purity (Figure A.1) and

subsequently immuno-purified CD44 from each population; CD44 from both subsets

showed E-selectin binding (Figure 4.1B, right). Moreover, T-cell phenotyping of
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the CD4+ subset identified them as mainly of Th2 phenotype . HCELL is recognized

as a sialofucosylated glycoform of CD44, originally found on HSPCs, that acts as an

E-selectin and/or L-selectin ligand [322, 128]. Our analysis shows that CD44 from

activated human T-cells bind exclusively to E-selectin and not to L- or P-selectin

(Figure 4.2). In the work outlined here, CD44 will be considered as HCELL (and

designated CD44/HCELL) since it stains positive for sialofucosylated glycans, albeit

weaker than PSGL-1 (Figure 4.3), and binds E-selectin.

To characterize the contribution of glycans [134], to E-selectin binding on CD44/HCELL,

immuno-purified CD44 was treated with enzymes to remove N - or O-glycans (PN-

GaseF or OSGE, respectively) prior to Western blot analysis for E-selectin binding

(with E-Ig). As evident in Figure 4.1B, the E-selectin interaction with CD44/HCELL

was abolished when N -glycans were removed (Figure 4.1C, top) but not when O-

glycans were removed (Figure 4.1C, bottom). CD44/HCELL treated with PNGaseF

displayed altered mobility on SDS-PAGE confirming the efficacy of the treatment

(Figure 4.1C, top). As CD44/HCELL is not highly O-glycosylated, we did not

detect a change in mobility following OSGE treatment but to confirm the efficacy of

removal of O-glycans, we illustrated that PSGL-1 binding to E-selectin was abolished

(Figure 4.1C) since this interaction is O-glycan dependent. Finally, treatment with

sialidase to remove the sialic acid completely abolished the interaction of E-selectin

with CD44/HCELL (Figure 4.1C, middle). These experiments demonstrated that

E-selectin recognizes N -linked sialylated glycans on CD44/HCELL of activated hu-

man T-cells much similar to that of HSPCs [128, 73, 322, 187].

Recent studies have underscored the importance of the CD44 variant (CD44v) iso-

forms in mediating E-selectin binding of a number of cancer cell lines [134, 187].

Therefore, we sought to investigate whether CD44s and/or CD44v are involved in

E-selectin-binding activity on activated human T-cells. To determine which isoform
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Figure 4.1: CD44/HCELL isolated from activated human T-cells serves as an E-selectin
ligand. (A) sLex expression was assayed by the reactivity of activated (black) and näıve (dark-
gray) T-cells to HECA-452 (left panel) or CD15s (middle panel) monoclonal antibodies. The isotype
controls were included as negative controls (light-gray). E-Ig binding to activated (black) versus
näıve (dark-gray) human T-cells (right panel) is shown in the right panel. To assay for non-specific
interactions, 10-mM EDTA (light-gray) was added to the assay buffer. These are representative flow
cytometric histograms of n = 3 independent experiments. (B) CD44 was immuno-purified from
näıve and activated T-cells (right panel) and from activated human CD4+ and CD8+ T-cells (left
panel) purified using autoMACS (Figure S1 in Supplementary Material). The samples were prepared
for Western blot analysis and stained with either CD44 or E-Ig (Figure A.2). E-Ig specifically binds
to CD44 immuno-purified from both activated CD4+ and CD8+ T-cells but not nave T-cells. These
are representative blots of n = 3 independent experiments. (C) CD44 was immuno-purified from
activated T-cells that were either untreated or treated with PNGaseF to remove N -glycans (upper
panels), sialidase to remove SA (middle panels), or OSGE to remove O-glycans (lower panels) and
prepared for Western blot analysis for CD44 expression or for binding to E-Ig. Note that the data
suggest that the interaction between E-selectin and CD44 is N -glycan and SA dependent but that
it is not affected by the removal of O-glycans. The efficiency of OSGE enzymatic treatment was
confirmed by its ability to abolish the E-selectin binding capacity PSGL-1 after the removal of
O-glycan. These are representative blots of n = 3 independent experiments.
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Protein Name Peptide Sequence

Leukosialin, CD43 NGVVDAWAGPAQVPEEGAVTVTVGGSGGDKGSGFPDGEGSSR/ QGSLAMEELK/ TGALVLSR

P-selectin glycoprotein ligand-1 SPGLTPEPR

CD44 antigen ESSETPDQFMTADETR/LVINSGNGAVEDR/NLQNVDMK

T-cell differentiation antigen CD6 HRVTDEEVQQSR/VTDEEVQQSR

Facilitated glucose transporter member 1 GTADVTHDLQEMKEESR/ QGGASQSDKTPEELFHPLGADSQV/ TFDEIASGFR

Dipeptidyl peptidase 4, CD26 LGTFEVEDQIEAAR/ VLEDNSALDK

Facilitated glucose transporter member 3 AFEGQAHGADR/ LWGTQDVSQDIQEMKDESAR

Transferrin receptor protein 1 LAVDEEENADNNTK/ LLNENSYVPR/ SSGLPNIPVQTISR

4F2 cell-surface antigen heavy chain ADLLLSTQPGREEGSPLELER/ IKVAEDEAEAAAAAK/ VAEDEAEAAAAAK

HLA class I histocompatibility antigen, Cw-12 alpha chain DGEDQTQDTELVETRPAGDGTFQK/ FDSDAASPR/ WAAVVVPSGEEQR/ FIAVGYVDDTQFVR

Table 4.1: E-selectin ligands were immuno-purified from activated human T-cell lysate and the
purified proteins were subjected to mass spectrometry analysis for ligand identification.
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Figure 4.2: CD44/HCELL does not bind P- and L-selectin. CD44 was immune-precipitated
from activated human T-cells and the purified protein was prepared for Western blot analysis. (A)
The membrane was stained with anti-CD44 to confirm the identity of the protein. To check whether
CD44 bound P- and L-selectin, the membranes were stained with recombinant human P-selectin/IgG
chimera (P-Ig) or recombinant human L-selectin/IgG chimera (L-Ig) the CD4+ population with anti-
CD8+ mAb and (B, C) CD44 from activated human T-cells does not interact with recombinant
P-selectin or L-selectin. Lysate from KG-1a cell line was used as a positive control for P-selectin
and L-selectin binding. These are representative blots of n=3 independent experiments.
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Figure 4.3: Expression of sialofucosylated glycans on CD44/HCELL. We stained equal
amounts of immuno-purified CD44 and PSGL-1 with E-selectin, HECA-452, CSLEX-1 and KM93
antibodies. HECA-452 recognizes sLex/a structures while CSLEX-1 and KM93 recognize sLex struc-
tures. These are representative blots of n=3 independent experiments.

is expressed on activated human T-cells, we initially screened näıve and activated

T-cells for CD44 expression using either anti-CD44 mAbs that recognize both the

standard and variant CD44 isoforms (clones 515 and 2C5) or that are specific for

each of the variant isoforms alone. Our flow cytometric analysis illustrated that the

majority of CD44 expressed on näıve T-cells is of the CD44s isoform and a small

amount is of the CD44v10 isoform (Figure 4.4A, left panel). Following activation,

the majority of CD44 remains of the CD44s isoform with a small population of cells

that express the CD44v6 isoform (i.e., no CD44v3–5/ 7–9 is detected) (Figure 4.4A,

right panel). A time course analysis of activated cells showed that the expression of

the CD44v6 peaked at 24–48 h after activation and decreased at Day 5. To determine

whether CD44v6 or CD44s possessed E-selectin ligand activity, we serially immuno-

purified CD44v6 (Figure 4.4B, left panel), CD44v10, and finally CD44s (Figure

4.4B, right panel) from the same lysate at different time points after activation (24

h, 48 h, and Day 5), and then we conducted a Western blot analysis.(Figure 4.4B,

left lower panel) shows that the anti-CD44v6 mAb immuno-purified a protein that

expresses exon 6 (stained with CD44v6 mAb) and exon 10 (stained with CD44v10

mAb from activated T-cell lysates, which implies that the transcript(s) that express

CD44v6 also harbor CD44v10 (Figure 4.4B, left panel). Interestingly, the expression

of CD44s increases with time from 24 h to Day 5 of the culture (Figure 4.4A,
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right panel). E-selectin binding studies show that CD44s, but not CD44v6/10, bind

to E-selectin and that the binding was time dependent starting at 48 h increasing

dramatically by Day 5 of the culture (Figure 4.4C).
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Figure 4.4: CD44s, not CD44 variant (CD44v), is an E-selectin ligand on activated
human T-cells. (A) To analyze the expression of CD44v on the surface of näıve (left panel ;
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line) or isotype controls (gray line) and analyzed by flow cytometry. The activity of the CD44v
antibodies were confirmed using breast cancer cell lines (Figure A.3). (B) CD44v6 (left panel)
and CD44s (right panel) were consecutively immuo-purified from cell lysates prepared at different
time points (24 h, 48 h, and Day 5), subjected to Western blot analysis and stained with CD44v6 and
CD44v10 (left panel) and CD44s (right panel). The protein immuno-purified by the anti-CD44v6
also stained positive for CD44v10 (left panel), which indicates that activated T-cells express a form
of CD44 that comprises both exon 6 and exon 10. (C) Western blot analysis of immuno-purified
CD44s and CD44v6 illustrates that E-selectin interacts with CD44s but not CD44v6/10. This
interaction was time dependent initially detected at 48 h and increasing significantly at Day 5.
Immuno-purification for CD44 (s and v) was performed from cell lysates that were normalized for
cell number at each time point (24 h, 48 h, and Day 5). Data are representative of n = 3 independent
experiments.

To determine if CD44/HCELL supports E-selectin binding under physiological

flow, we used the blot rolling assay, which allowed us to compare the ability of

immuno-purified CD44/HCELL and PSGL-1 (positive control) isolated from the same

activated T-cell lysate to support the rolling of CHO-E cells under defined shear flow



83

conditions. As illustrated in Figure 4.5A, CHO-E cells specifically interacted with

CD44/HCELL and PSGL-1 and this binding was Ca2+ dependent as it was lost when

cells were suspended in 5-mM EDTA buffer. The average velocities of the cells rolling

over CD44/HCELL and PSGL-1 in five fields/ligands were comparable (3.3 ± 0.1 µm

s1 for CD44 and 2.6 ± 0.1 µm s-1 for PSGL-1, Figure 4.5A). Thus, CD44/HCELL

displayed Ca2+- dependent E-selectin ligand activity under flow conditions compa-

rable to PSGL-1. Next, we used a recently developed novel and robust real-time

immunoprecipitation assay [187] to perform a comparative analysis for measuring

the interaction of native ligands expressed on human activated T-cells with E-Ig.

Both CD44 and PSGL-1 from activated T-cell lysates were captured on a BIAcore

CM5-chip by using mAbs Hermes-3 and KPL-1, respectively. To study the ability

of immobilized CD44/Hermes-3mAb and PSGL-1/ KPL-1mAb complexes to interact

with E-Ig, we injected 100-nM E-Ig in the presence of 5-mM EDTA or 1-mM Ca2+

at 50-mM NaCl. The accumulated number of E-Ig response units on the complexes

during both E-Ig injection and buffer washing was measured and subtracted from the

non-specific interaction with the isotype controls. Our data show that both proteins

are able to bind E-Ig. Again, the specificity of the interaction was confirmed by the

loss of binding when EDTA was added (Figure 4.5B, upper panels).

We next aimed to measure and compare the affinity and kinetics of CD44/HCELL

and PSGL-1 to bind E-Ig. To achieve this, we used the steady-state model to deter-

mine the equilibrium dissociation constant (KD), which required injection of serial

dilutions of E-Ig over the stably immobilized CD44/HCELL and PSGL-1 ligands.

These studies were performed in buffers containing 150-mM NaCl to resemble the

salt concentration in the circulation. As illustrated in Figure 4.5B, lower panels,

E-Ig interacted with its ligands in a dose-dependent manner and we determined the

KD for E-Ig binding to CD44/HCELL (777 ± 40 nM) and PSGL-1 (467 ± 95 nM) to

be comparable. Following the final E-Ig injection and during the buffer washing step,
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we determined the apparent dissociation rate constant Koff-apparent to be 4.9 × 105 ±

2.1×10-5 s-1 for CD44/HCELL and 25×106 ± 4.7×10-6 s-1 for PSGL-1 (Figure 4.5B,

lower panels). Thus, using Equation (1) in section 2.17, the estimated Kon-apparent

was 61 ± 24 M-1 s-1 for CD44/HCELL and 52 ± 5.5 M-1 s1 for PSGL-1 suggesting

no statistically significant difference between the dissociation rate or the association

rate of CD44/E-Ig and PSGL-1/E-Ig (p = 0.3 and 0.8, respectively). Overall, these

results demonstrated that both PSGL-1 and CD44/HCELL isolated from activated

human T-cells bound E-Ig with similar kinetics which is consistent with the affin-

ity and kinetics evaluated for CD44/HCELL and PSGL-1 from the human leukemic

progenitor cell line KG1a with E-Ig [187]. These results are further supported by

the data we obtained from the blot rolling assay, in which both ligands were able to

support the rolling of CHO-E cells with similar binding velocity. To expand upon

the limited information available on the stoichiometry of E-selectin binding to its lig-

ands, we proceeded to quantify the stoichiometry of recombinant E-selectin binding

to CD44/HCELL and PSGL-1 in 150-mM NaCl buffer. To achieve this, we calculated

the observed maximum number of response units using Equation 2 and 3 in section

2.17. While only 60 ± 23% (mean ± SEM; n = 4) of captured CD44/HCELL was

appropriately oriented and/or glycosylated to bind E-Ig, around 221 ± 72% (mean

± SEM; n = 4) of PSGL-1 could bind indicating that a minimum of two E-selectin

dimers interacts with a dimer of PSGL-1. Collectively, these results indicate that

although the intrinsic binding kinetics of both ligands are similar, variation could

occur due to differences in the avidity of their individual binding sites, the degree

of posttranslational modifications on the ligands, and/or the expression level of each

ligand. Indeed, the CD44 antibodies used for these experiments are not specific to

any specific glycoform of CD44 so they are likely capturing a mixture of glycoforms

of CD44 and the HCELL glycoform is able to bind E-Ig, while the others do not as

previously discussed [187].
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4.3.2 Both CD44/HCELL and PSGL-1 are essential for E-

selectin binding of human activated T-cells

To date, 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, differences in the expression

levels of different ligands and their immuno-purification efficiency pose challenges

to comparative analysis. Moreover, no gene-targeted silencing studies of E-selectin

ligands have been conducted on primary activated human T-cells or on any other

primary human cells to our knowledge. To this end, we used a siRNA-mediated

knockdown approach to dampen the expression of CD44 (i.e., HCELL) and PSGL-

1 either individually or in tandem and assessed effects on E-selectin-mediated cell

rolling. Individual cell membrane proteins exhibit different turnover rates; therefore,

we predicted that these proteins persist even after successful knockdown of their

mRNAs and elicit a false impression of incomplete silencing. To circumvent this issue,

we used bromelain to remove cell surface proteins prior to transfection. Western blot

analysis verified that this procedure resulted in a more thorough knockdown of the

cell surface proteins, which was more pronounced on the knockdown of CD44 than

on the PSGL-1 knockdown (Figure 4.6A, likely due to a variation in the turnover

rates between the two ligands. As shown in a representative Western blot in Figure

4.6B, effective knockdown was observed in the single
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Figure 4.5: CD44/HCELL is a functional E-selectin ligand on activated human T-cells.
(A) Blot rolling assays were performed on immuno-purified CD44/HCELL and PSGL-1. Initially,
immuno-purified protein was resolved by SDS-PAGE. Then, CHO-E cells were allowed to roll over
immuno-purified proteins in the presence of 2-mM Ca2+ at 0.5 dyne cm-2. After cell perfusion, the
numbers of rolling cells per square millimeter in five distinct fields of view were counted and the
average is presented (black bars). The specificity of CHO-E binding to membrane glycoproteins
was assessed by adding 5-mM EDTA to the buffer containing CHO-E cells (gray bars). The x-
axis reflects the mean of rolling cells per field per minute from one representative experiment of
multiple independent membrane preparations (n = 3). The mean velocity ± SEM of rolling cells was
determined and presented here on top of the bars. (B) BIAcore assay was performed to determine
the ability of native CD44/HCELL and PSGL-1 to bind E-Ig. To determine the ability of captured
protein to bind E-Ig, we injected 100-nM of E-Ig at 20 µl min-1 over the native CD44/HCELL or
PSGL-1 (upper panels) in the presence of 5-mM EDTA to control for specificity or 1-mM Ca2+

to study the binding. To determine the kinetics of the CD44/HCELL interaction with E-Ig and
compare it to that with PSGL-1 (lower panels), mAbs or their isotype controls were immobilized
on the chip, and then the ligands were captured. Afterward, a series of 10 E-Ig concentrations
(0.456466.7 nM) were injected at 30 µl min-1 over CD44/HCELL or PSGL-1 in 150-mM NaCl
running buffer. The equilibrium dissociation constant (KD) was derived from fitting the binding
isotherm using the steady-state model and the RUmax of E-Ig binding just before the washing step.
After the last E-Ig injection, we determined the apparent dissociation rate constant Koff-apparent by
fitting the stable phase obtained during the buffer wash. Data shown here are the mean ± SEM
of n = 3, after the correction against the bulk refractive index and subtraction of the non-specific
binding of the isotype control.
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knockdowns (CD44, PSGL-1, and CD43), the double knockdown (CD44 and

PSGL-1), and the triple knockdown (CD44, PSGL-1, and CD43). Furthermore, the

expression level of non-targeted ligands remained consistent among all treatments

confirming the specificity of each siRNA.

To investigate the impact of ligand silencing on E-selectin- mediated rolling, activated

human T-cells transfected with either CD44, PSGL-1, double, CD43, or triple siRNAs

were perfused over a monolayer of CHO-E cells under several shear stress conditions

(1–5 dyne cm-2). Cells transfected with a scrambled control siRNA maintained high

numbers of rolling interactions on CHO-E cells at all shear stress rates; however, in

the absence of CD44/HCELL and/or PSGL-1, a marked reduction in the number of

rolling cells at shear stress ≥ 1 dyne cm-2 was observed (Figure 4.6C. Knockdown

of both ligands did not result in a synergistic decrease in rolling behavior, beyond

that observed in the individual knockdowns, strongly suggesting that the presence

of both CD44/HCELL and PSGL-1 was essential to confer rolling over CHO-E cells

(Figure 4.6C. Unlike CD44/HCELL and PSGL-1, the knockdown of CD43 did not

affect the number of rolling cells. Moreover, loss of CD43 from the triple knockdown

did not result in further decreases in the number of rolling cells compared with the

number with double knockdown, indicating that CD43 minimally contributed to E-

selectin-mediated rolling. The function of CD43 in T-cell migration is conflicting:

some data implicate it as an anti-adhesive [162, 161, 178] molecule while others as a

pro-adhesive one [151, 181, 165, 324, 325]; however, in this study, we could not con-

firm the pro-adhesive role of CD43 on activated human T-cells mainly comprised of a

Th2 phenotype (Table A.2). Furthermore, in the absence of both of these ligands,

some binding to E-selectin still persists, likely due to glycolipids [326], existence of low

levels of CD44 (Figure 4.6B, and/or other minor glycoprotein ligands as outlined

in our mass spectrometry study (Table 4.1).
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Figure 4.6: CD44/HCELL collaborates with P-selectin glycoprotein ligand-1 (PSGL
-1) to confer the optimal rolling of activated human T-cells over E-selectin expressing
monolayers.siRNA knockdown technologies were used to effectively decrease the expression of var-
ious E-selectin ligands on activated human T-cells. To evaluate the effect of bromelain treatment on
the transfection efficiency, the cells were treated with bromelain and then transfected with scrambled
control siRNA, CD44 siRNA, or PSGL-1 siRNA. After 24 h, live cells were collected to evaluate
transfection using Western blot analysis. (A) The knockdown of CD44 (left panel), but not PSGL-
1 (right panel), was enhanced by bromelain treatment prior to the siRNA transfection. (B)The
specificity of gene silencing was demonstrated by Western blot analysis. The removal of one ligand
did not affect the expression of other ligands. (C) Transfected cells were perfused over CHO-E cell
monolayers for 30 s at 1 dyne cm-2 wall shear stress, and then detachment assays were performed by
a stepwise increment of the shear stress every 30 s. The average number of rolling cells at the end
each shear stress is depicted. A significant difference was observed between scrambled control cells
and all other knockdown transfections except CD43 knockdown. No major differences were observed
between cells treated with CD44, PSGL-1, double (CD44 and PSGL-1), or triple (CD44, PSGL-1,
and CD43) siRNAs. Data are mean ± SEM; n = 3. p-Values comparing the different groups versus
scrambled control siRNA are indicated: *p <0.05, **p <0.01, and ***p <0.001.
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4.3.3 CD44/HCELL on T-cells isolated from psoriatic pa-

tients binds E-selectin

The aforementioned results showed that CD44/HCELL from in vitro-activated T-

cells possess E-selectin-binding activity. Next, we examined whether the ability of

CD44/HCELL to bind E-selectin would be preserved under in vivo stimulation. To

this end, we isolated circulating T-cells from patients suffering from the chronic skin

inflammatory disease, psoriasis. Many studies have implicated that E-selectin plays

a key role in the excessive infiltration of memory T-cells to the skin that manifests

as psoriasis [314, 327, 328, 329]. Moreover, several studies have confirmed the im-

portance of circulating T-cells bearing the HECA-452 antigenic determinant in the

clinical manifestation of psoriasis [327, 328, 314]. We confirmed the expression of

HECA-452 antigen on circulating T-cells isolated from psoriatic patients using flow

cytometric analysis (Figure 4.7A). The percentage of T-cells expressing HECA-

452 was significantly higher in psoriatic patients than in healthy donors (p-value =

0.007), 36 ± 4.3% (mean ± SEM; n = 4) versus 10.6 ± 3% (mean ± SEM; n =

3), respectively. We next immuno-purified E-selectin ligands from T-cells isolated

from psoriatic patients and tested their interaction with E-selectin. As illustrated in

Figure Figure 4.7B, CD44/HCELL and PSGL-1 bound E-selectin. Similar to our

in vitro-activated T-cell results, a very weak interaction was observed between CD43

and E-selectin. Overall, this study identifies CD44/HCELL as an E-selectin ligand

on activated human T-cells and suggests that it may play an important role in the

regulation of T-cell migration and/or trafficking in skin diseases.
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Figure 4.7: CD44/HCELL on T-cells from psoriatic patients binds E-selectin. (A)
Expression of sialofycosylated glycans on T-cells isolated from psoriatic patients. After isolation of
CD3+ cells from psoriatic patients, we performed flow cytometry analysis to confirm the expression of
sialofycosylated glycans using HECA-452 antibody. (B) CD44, PSGL-1, and CD43 were immuno-
purified from T-cells obtained from three psoriatic patients and then samples were prepared for
Western blot analysis and blotted for each ligand (upper panels) and for E-Ig (lower panels). Note
that CD44/HCELL and PSGL-1 exhibit strong binding to E-Ig, while CD43 binding was very weak.

4.3.4 Confirmation of other E-selectin ligands

CD6, or so called T-cell differentiation antigen CD6, is a cell surface glycoprotein

that is expressed by mature T-cells, natural killer cells, immature B-cells and on

certain brain cells [330, 331, 332, 333]. CD6 can exist in two different glycoforms,

the immature N -glycosylated form at 110-kDa as well as O-glycosylated form at

130-kDa. Moreover, O-linked glycans are sulfated with at least 12-sulfate residues

[334]. Recently, CD6 presents itself as a promising therapeutic target for several

autoimmune diseases such as psoriasis, rheumatoid arthritides and multiple sclerosis
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due to its crucial regulatory function in T-cell mediated immune responses [335, 336].

Cis- and/or trans ligation of CD6 is required for T-cell activation, differentiation, and

survival [337]. For example, cis- ligation of CD6 with CD5, suggests its contribution as

a co-stimulatory molecule required for augmentation of suboptimal activation signal

via TCR/CD3 complex [338]. Moreover, the trans ligation of CD6 with its principal

ligand, CD166, facilitates optimal T-cell activation and proliferation [339] as well as

T-cells transmigration into inflammatory sites [340, 341]. To date, several other CD6

ligands have been observed on the synovial and epithelial cells, however, the identity

of these ligands has not been explored yet [342, 343, 344]. Our mass-spectrometry

analysis suggested CD6 as a potential ligand for E-selectin (Table 4.1). To further

confirm this interaction, we immuno-purified CD6 from activated T-cells (Figure

4.8A) and assessed its E-Ig-binding activity by Western blot. As illustrated in Figure

4.8B; the 130-KDa glycoform but not the 110-KDa of CD6 displays E-selectin binding

activity. Nonetheless, we could not confirm this activity using the blot rolling assay

nor BIAcore assay. Based on our observations, the success of any blot rolling assay is

highly dependent on the amount of immuno-purified protein. As shown in (Figure

4.8A), the amount of immuno-purified CD6 was not considrable; when compared with

the amount of protein we collect after CD44 or PSGL-1 IP. Regarding the BIAcore

assay, none of the mAbs clones (F-4, H-6, SPV-L14 from Santa Cruz and M-T605

from BD) that we tested were able to immunoprecipitate CD6 from T-cell lysates.

Taken together, the role of CD6 as an E-selectin ligand on activated human T-cells

requires further analysis.



92

CD6 staining

150

100

CD6 IP
A

150

100

CD6 IP
B

E-selectin staining

Figure 4.8: CD6 displays E-selectin ligand activity in a Western-blot assay. To determine
the ability of immuno-purified CD6 to bind E-Ig, lysate of human activated T-cells were immuno-
purified with anti-CD6 mAb and the protein were subjected to nonreducing SDS-PAGE. (A) To
ensure that CD6 was immuno-purified, we blot the membrane with anti-CD6 mAb. (B) To assay
for E-selectin ligand activity, we blot the immuno-purified CD6 with E-Ig. As evident, CD6 from
activated human T-cells interacts with E-Ig, (n=2).

4.4 Discussion

CD44 has a well-established role in T-cell migration via its interactions with HA [145]

and the integrin VLA-4 [146, 345]. Here, we show that CD44/HCELL expressed

by in vitro and in vivo activated human T-cells can mediate interactions with E-

selectin. Using a variety of assays, we showed that CD44/HCELL bound E-selectin

in a transient and specific manner and that this interaction supported cell rolling

under physiological shear stress conditions similar to the well-described E-selectin

ligand PSGL-1. In fact, our data demonstrate that CD44/HCELL mediates this

action through cooperation with PSGL-1.

Several E-selectin ligands have been identified on mature myeloid cells, hematopoi-

etic progenitor cells, cancerous cells, and lymphocytes [320, 73, 161, 178, 346, 162].

To date, only two of these ligands, PSGL-1 and CD43, have been reported to be

E-selectin ligands on activated human T-cells [151, 181]. Studies in mice where there

was a concomitant deficiency of both these ligands did not abolish E-selectin me-

diated T-cell rolling [181], suggesting that other E-selectin ligands are also present.

Moreover, reports on the role of CD43 on T-cell migration show conflicting results:

some works propose its antiadhesive role [161, 178, 346, 162] and others propose its

pro-adhesive role [151, 181, 165, 324, 325]. We therefore performed a comprehensive
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analysis of mass spectrometry showing that additional E-selectin ligands are present

on activated human T-cells, such as CD44 as well as some other ligands that require

confirmation for their role as E-selectin ligands. Herein, we characterize the role of

CD44 in E-selectin-mediated T-cell rolling and in future works we plan to determine

the relevance of the remaining candidates to E-selectin binding.

Previous works have identified that CD44 is an E-selectin ligand on several dif-

ferent types of cells, such as HSPCs, neutrophils, mouse Th1 cells, breast cancer

cells, and melanoma [128, 148, 149, 110, 347]. The extensive biochemical charac-

terization of CD44 binding to E-selectin lead to the evolution of HCELL definition

and whether or not the E-selectin binding form of CD44 from activated human T-

cells would be considered HCELL is an open question. In a number of recent reviews,

HCELL has been recognized as a sialofucosylated glycoform of CD44, originally found

on human HSPCs as an E-selectin and/or L-selectin ligand [348], [349]. We noted

that CD44 isolated from activated human T-cells stains for antibodies that recognize

sialofucosylated glycans (mainly KM93, CSLEX-1 and HECA-452 mAbs, Figure

4.3). However, the signal we detect with CD44 is weaker than the PSGL-1 sig-

nal. This weaker signal with HECA-452 mAb might explain why CD44 was missed

in previous studies on activated human T-cells in which researchers were focusing

on identifying ligands that displayed strong HECA-452- staining signal[151]. Sim-

ilar to earlier reports, the importance of N -glycans in mediating the interaction of

E-selectin binding to CD44/HCELL[73, 128, 187] on primary HSPCs was also demon-

strated here on activated human T-cells. Interestingly, previous work has shown that

N -glycosylation is predominant on CD44s, whereas O-glycosylation is more predomi-

nant on CD44v [137]. This is consistent with our finding that E-selectin binding form

of CD44/HCELL on activated human T-cells is indeed CD44s.

In an effort to characterize the binding affinity and kinetics between the dimer

form of E-selectin
(
E-Ig

)
and CD44/HCELL or PSGL-1 from activated human T-cells,
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we used the real-time BIAcore technique. Our results were consistent with a previous

study that evaluated the affinity and kinetics between E-Ig and CD44/HCELL or

PSGL-1 from the human leukemic progenitor cell line (KG1a)[187]. Although both

ligands bound to E-Ig with a similar affinity at a physiological salt concentration of

150-mM NaCl, the ligands bind to E-Ig with different valences: one dimer ofPSGL-1

interacted with a minimum of two dimers of E-selectin and almost half of the CD44

bound E-selectin. The remaining CD44 may be inadequately stained with HECA or

inappropriately oriented on the surface of the CM5-Chip to interact with E-selectin.

Since the CD44 antibodies are not specific for the HCELL glycoform, at least partially

inadequate glycosylation of the remaining CD44 is likely a reason for the observed

stoichiometry as previously noted [187]. The finding that both CD44/HCELL and

PSGL-1 bound to E-selectin with similar kinetics was further supported by the data

we obtained from the blot rolling assay, in which both ligands were able to support

the rolling of CHO-E cells with similar binding velocity.

Using a knockdown approach on primary human T-cells, we dampened the ex-

pression of CD44/HCELL, PSGL-1, and CD43 either individually or together to

determine the importance of each ligand on E-selectin binding. We found that the

success of CD44 (and HCELL) transfection was dependent on treating activated cells

with bromelain prior to the transfection to remove any previously expressed proteins.

While bromelain treatment was not required for effective knockdown of PSGL-1, we

attributed the more thorough knockdown with the treatment to a variation in the

turnover rates between the two ligands. The parallel plate flow assay on transfected

cells showed that the loss of either CD44/HCELL or PSGL-1 had an adverse impact

on the rolling capacity of the activated T-cells over CHO-E cells. The simultaneous

knockdown of both ligands did not result in a synergistic decrease in rolling behavior,

which strongly suggests that both CD44/HCELL and PSGL-1 collaborate to confer

efficient rolling of activated human T-cells over CHO-E cells. Furthermore, in the



95

absence of both CD44/HCELL and PSGL-1, we continued to observe residual bind-

ing to E-selectin, which we attributed to the availability of glycolipids [326, 350] as

well as other minor glycoprotein ligands. Potentially, some of these minor ligands

might have been detected by the mass spectroscopy studies we conducted (Table

4.1). For example, our preliminary data show that CD6 can interact with E-selctin

in Western-blot assay. However, we could not manage to test this interaction un-

der flow conditions. Therefore, further studies are required to assess the interactions

of E-selectin with CD6 and other candidate ligands under physiological shear stress

conditions.

We could not confirm the pro-adhesive role of CD43 on activated human T-cells.

The removal of CD43 in CD43 siRNA transfected cells did not affect the rolling capac-

ity when compared with scrambled siRNA transfected cells. In addition, the removal

of CD43 in the triple knockdown did not significantly decrease E-selectin-mediated

rolling beyond the decrease we noticed in the CD44/HCELL and PSGL-1 double

knockdown. Furthermore, the minimal contribution of CD43 to E-selectin binding in

chronic skin disease was evident when immuno-purified CD43 from psoriatic patients

retained an extremely weak interaction with HECA-452 and E-selectin. Detection

of binding between E-selectin and CD43 in both the mass spectrometric and West-

ern blot analyses could be explained by the nature of these assays: both are static,

unlike parallel plate flow chamber assays, blot rolling assay, and BIAcore (Figure

4.9), which rely on flow. Thus, it is possible that the application of mechanical

load on CD43 in the later assays caused shear-induced conformational changes [351]

that buried E-selectin-binding sites on CD43 and disrupted its binding activity. In

addition, it is unclear whether the expression of HECA-452-reactive epitope on any

protein by itself is sufficient to qualify it as a functional E-selectin ligand. Moreover,

although CD43 may not specifically contribute to E-selectin-binding interactions,

its importance in binding to other potential ligands such as ICAM-1 and galectin-1
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[166, 167] should not be overlooked given that these ligands are expressed by inflamed

endothelium and that the administration of human recombinant galectin-1 can inhibit

leukocyte rolling and extravasation [352].
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Figure 4.9: CD43 is not a functional E-selectin ligand on activated human T-cells.
BIAcore assay was performed to determine the ability of native CD43 to bind E-Ig. To determine
the ability of captured protein to bind E-Ig, we injected 100-nM of E-Ig at 20 µl min-1 over the
native CD43 in the presence of 5-mM EDTA to control for specificity or 1-mM Ca2+ to study the
binding. As evident, CD43 from human activate T-cells could not interact with E-Ig, (n=3).

E-selectin-specific inhibitors are currently being investigated for their positive ef-

fects on acute myeloid leukemia and sickle cell disease [353, 354, 355]. By inhibiting

selectin interactions, GMI-1070 can decrease leukocyte adhesion and recruitment to

inflamed tissues in various disorders, such as the inflamed venules in sickle cell dis-

ease, an essential event initiating vaso-occlusion in this disease. In animal models,

GMI-1070 also appears to inhibit the homing of multiple myeloma cells to the bone

marrow and improves the efficacy of the proteasome inhibitor, bortezomib, which is

currently used to treat the disease [356]. This is an attractive therapeutic target

in autoimmune inflammatory diseases such as rheumatoid arthritis and psoriasis in

which the expression of E-selectin has been shown to be responsible for the pathologi-

cal accumulation of active immune cells such as lymphocytes [317, 357]. For example,
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in psoriasis patients, the administration of a pan-selectin inhibitor (Bimosiamose) re-

sulted in a reduction of lymphocyte infiltration and an overall clinical improvement

[358]. However, the long-term use of pan inhibitors might interfere with vital inter-

actions relating to homeostasis such as the migration of HSCs to BM [73, 359] and

in immune cell migration to infected tissues [30, 44]. Therefore, targeting specific

E-selectin ligand(s) may be a more attractive treatment strategy.

To the best of our knowledge, limited studies have looked into identifying all the

E-selectin ligands involved in the recruitment of T-cells in psoriasis and/or any other

inflammatory skin disorders. Here, we show evidence that both CD44 (and specif-

ically HCELL) and PSGL-1 immuno-purified from psoriatic patients interacts with

E-selectin. Based on these data, we can envision targeting these ligands. Indeed,

CD44 blocking antibodies caused a marked reduction in leukocyte infiltration in ex-

perimental models of inflammatory diseases [360, 361]. In those studies, the apparent

infiltration was mainly attributed to the blocking of HA-mediated leukocytes migra-

tion. However, neither the inhibition of T-cells nor the contribution of E-selectin-

mediated rolling was assessed as the role of CD44/HCELL as an E-selectin ligand

on activated human T-cells was not yet discovered. We believe that targeting the E-

selectin-binding site on CD44/HCELL could be a viable option to treat skin diseases,

such as psoriasis, for a number of reasons relating to homeostasis. Being unable to

interact with P-selectin, blocking antibodies against CD44/HCELL can interfere with

E-selectin-mediated cell rolling while sustaining the proper immune defense where its

interaction with P-selectin is crucial. Moreover, blocking CD44/HCELL interactions

with E-selectin may have minimal effects on stem cell homing [84] since many ligands

(unpublished data from our lab) could compensate for inhibition of CD44/HCELL

binding to E-selectin.
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Chapter 5

Conclusions and Future Directions

The main theme of the work presented in this thesis was to investigate the expres-

sion of homing effector molecules, mainly E-selectin ligands, on human hematopoietic

cells. The dissertation started with an overview about the multistep paradigm that

illustrates hematopoietic cellular migration with clear emphasis on the function of

selectins.

Chapter 3 focuses on studying the expression of E-selectin ligands on human iPS-

HSPCs. We demonstrated that those cells are devoid of functional E-selectin ligands

and that enforced fucosylation using exogenous FTVI treatment can create the ap-

propriate glycosylation required for E-selectin mediated HSPCs homing. Nonetheless,

the treatment does not rescue the defective homing and engraftment behavior of hu-

man iPS-HSPCs. Thus, although E-selectin ligand deficiency can be crucial for BM

homing of iPS-HSPC, other, yet to be elucidated, factor(s) can be crucially involved

in the limited engraftment of these cells. Currently, scientists are actively working to

improve the differentiation protocols of iPS cells toward HSPCs. Recent studies have

demonstrated the derivation of long-term engraftable HSPCs by directed conversion

protocol [362]. In which HSPCs were derived from mouse endothelium by transient

expression of a few transcription factors and without converting them to pluripotent

cells. Whether this can be applied to human cells is still unclear. Moreover, efforts

can be directed on dissecting the gene regulatory network of human iPS-HSPCs and

compare it to that for engraftable HSPCs. This could be crucial for unlocking master

hematopoietic transcriptional regulator(s) essential for the generation of iPS-HSPC
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similar to their somatic counterparts. Furthermore, a number of studies have shown

that by blocking the activity of CD26, murine and human HSPCs gain an enhanced

responsiveness to SDF-1 gradients in vitro as well as enhanced homing and engraft-

ment capabilities in both competitive and non-competitive HSPCs (murine and CB

derived) transplants in mouse models [303, 363, 291, 290, 364]. Our data shows that

iPS-HSPCs express an ample amount of CD26. Thus, we intend to investigate the

effect of CD26 inhibition, using diprotin A and Sitagliptin inhibitors, on PSC- derived

HSPCs homing and engraftment.

Chapter 4 focuses on exploring the major E-selectin ligands on human activated T-

cells. We utilized several biochemical techniques as well as loss of function studies

to provide a compelling evidence that CD44/HCELL collaborates with PSGL-1 to

mediate E-selectin dependent rolling of human activated T-cells. We also could not

prove the pro-adhesive role of CD43 on human activated T-cells, especially with Th2

phenotype. Under our T-cell activation settings; the removal of CD43 could not af-

fect the rolling capacity of human activated T-cells. Although, the contribution of

CD44/HCELL and PSGL-1s in E-selectin mediated cell-rolling accounts for ≈ 60-

70% of human activated T-cells rolling, residual binding was observed in absence

of CD44/HCELL and PSGL-1s. Our mass spectrometry analysis identified several

candidates that might mediate the observed residual binding (Table 4.1), and fu-

ture studies can be conducted to investigate whether these candidates can function

as plausible E-selectin ligands. We already confirmed the interaction between CD6

and E-selectin using Western-blot. We intend to test this interaction under phys-

iological shear conditions and to test the effect of CD6 removal on T-cell rolling.

Interestingly, our mass spectrometry data suggested CD26 as an E-selectin ligand

on human actiavted T-cells. CD26 can degrade the potent T-cell chemokine stromal

cell-derived factor 1 (SDF-1) and deplete it from its activity [364]. It was previously

reported that SDF-1 binding to its receptor, CXCR4, can either attract T-cells at
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a dose of 100-ng/ml of SDF-1 or repel the T-cells away from SDF-1 at a high dose

of SDF-1 (1-µg/ml) [365]. We hypothesized that during the early phase of infection,

E-selectin interact with CD26 to inactivate SDF-1 and allow the cells to continuously

roll over the endothelium to avoid the potential for T-cell accumulation at sites of

inflammation. However, this hypothesis needs to be tested.
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A Appendix of Chapter 4
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Figure A.1: Purity of CD4+ and CD8+ activated T-cells following AutoMACS sep-
aration. CD4+ and CD8+ human activated T-cells were separated from each other using the
AutoMACS and the purity of separated cells were assayed by flow cytometry staining of (A) the
CD4+ population with anti-CD8+ mAb and (B) the CD8+ population with anti-CD4+ mAb. More
than 90% purity was achieved in both separations.
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Figure A.2: Controls for Western blot experiemnts. Control immuno-purifications were per-
formed using isotype controls for CD44, PSGL-1 and CD43 mAbs and run alongside immuno-purified
CD44, PSGL-1 and CD43. Western blots of these immuno-purified proteins were stained either with
secondary antibodies (rabbit anti-mouse IgG) for CD44, PSGL-1 and CD43 antibodies (A) or with
rabbit anti-human IgG for recombinant human E-selectin/ IgG chimera staining (B). Western blots
of immuno-purified samples using isotype controls were stained with recombinant E-selectin and
detected using HRP conjugated rabbit anti-human IgG (C). We consistently did not detect any
non-specific signal from these controls in all blots tested (n ≥ 10 independent experiments).
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Figure A.3: Activity test of CD44v mAb. The activity of CD44v mAb, which we used
in Figure 4.4, was confirmed by staining MDA-MB-468 cell-line (A) and BT-20 cell-line (B) and
analyzing by flow cytometry.
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expression on (A) CD34+-derived from iPS and (B) CD34+-derived from ESCs.
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Proteins Name

Tyrosine-protein kinase Lck
Secretory carrier-associated membrane protein 3
Erythrocyte band 7 integral membrane protein
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
Solute carrier family 2, facilitated glucose transporter member 1
60 kDa heat shock protein, mitochondrial
Prohibitin-2
Keratin, type II cytoskeletal 5
Dolichyl-diphosphooligosaccharide–protein glycosyltransferase subunit 1
Ig gamma-1 chain C region
Leukosialin
Tubulin alpha-1B chain
Keratin, type I cytoskeletal 9
Keratin, type II cytoskeletal 2 epidermal
Dipeptidyl peptidase 4
T-cell differentiation antigen CD6
B-cell receptor-associated protein 31
Prohibitin
Sodium/potassium-transporting ATPase subunit alpha-1
Solute carrier family 2, facilitated glucose transporter member 3
Myosin-9
CD44 antigen
Keratin, type I cytoskeletal 10
Tubulin beta chain
Protein disulfide-isomerase A3
Antigen peptide transporter 1
Keratin, type II cytoskeletal 1
Actin, cytoplasmic 1
Transferrin receptor protein 1
P-selectin glycoprotein ligand 1
Isoform 2 of 4F2 cell-surface antigen heavy chain
HLA class I histocompatibility antigen, Cw-12 alpha chain

Table A.1: List of all proteins detected by mass spectrometry after immunopurification
of E-selectin ligands. E-selectin ligands were immuno-purified from activated human T-cell lysates
and the purified proteins were subjected to mass spectrometric analysis for ligand identification. The
table lists all the proteins identified.
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Type-1 T
helper (Th1)

Type-2 T helper (Th2) Type-0 T helper (Th0) Type-17 T helper (Th17) Th17/Th1-like Not stained

T-cells healthy donor 1 7.20% 30.40% 9.20% 10.80% 8.40% 34.00%

T-cells healthy donor 2 5% 63.70% 10.90% 0.20% 0.00% 20.20%

T-cells healthy donor 3 0.00% 27.70% 0.54% 29.30% 0.20% 42.26%

T-cells healthy donor 4 1.59% 30.00% 1.75% 0.27% 0.00% 66.56%

T-cells healthy donor 5 4.91% 48.40% 3.37% 0.27% 0.00% 43.05%

T-cells healthy donor 6 0.55% 34.50% 2.52% 0.21% 0.00% 62.22%

T-cells psoriasis donor 1 1.94% 5.58% 1% 3.60% 4.70% 83.18%

T-cells psoriasis donor 2 0.54% 4.34% 0.00% 0.15% 0.33% 94.64%

T-cells psoriasis donor 3 0.14% 46.40% 0.07% 0.50% 0.00% 52.89%

Table A.2: The phenotype of activated human T-cells.: Human T-cells were activated for
8 h with anti-CD3/CD28 antibodies in the presence of recombinant human IL-2 and 10 g/ml of
Brefeldin A. Subsequently, the cells were fixed and permeabilized and prepared for intracellular
staining. Antibodies to IFN-, IL-4 and IL-17A were used to identify the Th1 subset, the Th2 subset
and Th17 subsets respectively. Data are derived from the gated CD4+ cell population.
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