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Abbreviations 
 
HSPCs hematopoietic stem /progenitor cells 

HSCs hematopoietic stem cells 

HPCs hematopoietic progenitor cells 

HSCT   hematopoietic stem cell transplantation 

LT-HSCs long-term hematopoietic stem cells 

ST-HSCs short-term hematopoietic stem cells 

CXCR4 C-X-C chemokine receptor type 4 

SDF-1 stromal cell derived factor 1 

WHIM Warts, Hypogammaglobulinemia, Infections, and Myelokathexis 

NOD/SCID Nonobese diabetic/severe combined immunodeficiency 

BM        bone marrow 

PB      peripheral blood 

Erk     Extracellular signal-regulated kinases 

CD     cluster of differentiation 

GVHD     graft-versus –host-disease 

HLA      human leukocyte antigen 

Hox     Homebox protein 

INK4     inhibitor of cyclin-dependent kinase 4 

GCPR      G-protein-coupled receptor 

KO     knock out  

WT     wild type 

LM       littermate 

CLP common lymphoid progenitor 

CMP common myeloid progenitor 

GMP granulocyte/macrophage progenitor 

ProB progenitor B cells 

PreB pre-mature B cells 

MaB mature B cells 

PriNeu primitive neutrophils 

MaNeu mature neutrophils 

B B cells 

Mye myeloid cells 
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 Abstract 

Hematopoietic cell transplantation has proven beneficial for various intractable diseases, but 

it remains unclear how hematopoietic stem/progenitor cells (HSPCs) home to the bone marrow 

(BM) microenvironment, initiate hematopoietic reconstitution, and maintain life-long 

hematopoiesis.  The use of newly elucidated molecular determinants for overall HSPC 

engraftment should benefit patients.  Here we report that modification of C-X-C chemokine 

receptor type 4 (Cxcr4) signaling in murine HSPCs does not significantly affect initial 

homing/lodging events, but leads to alteration in subsequent BM repopulation kinetics, with 

observations confirmed by both gain- and loss-of-function approaches.  By using C-terminal 

truncated Cxcr4 as a gain-of-function effector, we demonstrated that signal augmentation likely 

led to favorable in vivo repopulation of primitive cell populations in BM.  These improved 

features were correlated with enhanced seeding efficiencies in stromal cell co-cultures and 

altered ligand-mediated phosphorylation kinetics of Extracellular signal-regulated kinases (Erk) 

observed in Cxcr4 signal-augmented HSPCs in vitro.  Unexpectedly, however, sustained signal 

enhancement even with wild-type Cxcr4 overexpression resulted in impaired peripheral blood 

(PB) reconstitution, most likely by preventing release of donor hematopoietic cells from the 

marrow environment.  We thus conclude that timely regulation of Cxcr4/CXCR4 signaling is 

key in providing donor HSPCs with enhanced repopulation potential following transplantation, 

whilst preserving the ability to release HSPC progeny into PB for improved transplantation 

outcomes. 
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Chapter I. Introduction 

1.1. Hematopoietic stem cells 

Blood cells constitute the major population that is responsible for maintenance of the 

immune system to prevent us from various infections. The stem cells that form blood and 

immune cells are called hematopoietic stem cells (HSCs). These are a rare and unique 

population of cells capable of multi-lineage hematopoietic cell differentiation and daily 

replenishment of mature blood cells including platelets, red blood cells, lymphocytes and 

myeloid cells. The HSCs replicate themselves (self-renew) to sustain lifelong hematopoiesis. 

The balance between self-renewal and differentiation is thought to be tightly regulated by 

requisite factors within the bone marrow (BM) microenvironment (niche) where HSCs reside 

[1-3]. However, the whole picture of this regulation has not been fully elucidated. 

The discovery of blood-forming cells comes from studies of individuals who had 

experienced the atomic bomb in 1945. Given that they had been exposed to low-dose 

irradiation, their subsequent deaths were attributed to a number of reasons with insufficient 

production of leukocytes to fight against infection and/or inadequate numbers of platelets to 

stop bleeding being the major ones. Researches with mice were subsequently carried out to 

recapture this phenomenon. Studies indicated that lethally irradiated mice could be rescued if 

single bone or spleen were protected or if they received BM cells from a healthy donor. Later 

in assessing the radiation sensitivity of BM cells, Till and McCulloch discovered the two 

hallmark characteristics of HSCs: self renewal ability and multi blood lineage differentiation 

potential [4]. 

There are two types of HSCs: long-term HSCs (LT-HSCs) and short-term HSCs 

(ST-HSCs). LT-HSCs are capable of self-renewal, thereby contributing to continuous blood 

production and the sustainment of life-long hematopoiesis. ST-HSCs are derived from 

LT-HSCs and have the ability to repopulate and proliferate for a limited period of time in the 

BM. In addition, there are other classes of precursor cells or immature cells with limited 

self-renewal capacity [5], which may overall be categorized as hematopoietic progenitor cells 

(HPCs). It is important to distinguish LT-HSCs from ST-HSCs and HPCs because only 

LT-HSCs possess the two hallmark characteristics as mentioned earlier, which are believed to 

be critical for successful outcomes when viewed in a setting of clinical transplantation [6].  
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The purification of mouse HSCs was first achieved using a panel of cell surface markers, 

and confirmed for their reconstitution potential in transplantation experiments by Irving 

Weissman’s group in 1988 [7]. Later, Osawa et al. achieved the higher purity by using CD34 

as a negative marker [CD34neg/low, CD117pos, Sca-1pos, lineage (Lin)neg  (34-KSL)] to a level 

that allowed reconstitution of all hematopoietic lineages by transplanting only a single HSC 

[8]. Other groups have subsequently defined the murine HSC population by different marker 

combinations such as CD117high, CD90.1low, Linneg/low, Sca-1pos [9], CD90.1low, Linneg, Sca-1pos 

Rhodamine123low [10], and CD150 pos, CD48neg, CD244neg [11]. Similar attempts have also 

been made to define human HSCs by using CD34, CD38, CD90, and other markers. It has 

been proposed that a Linneg, CD34pos, CD38neg, CD90pos, CD45RAneg population [12], and more 

recently, a Linneg, CD34pos, CD38neg, CD90pos, CD45RAneg, Rholow, CD49fpos population [13] 

constitutes the most primitive human HSCs. However, highly purified human HSCs can only 

be defined in experimental settings, i.e., by using xeno-transplantation models. In contrast, 

hematopoietic stem cell transplantation (HSCT) usually utilizes simple enrichment for 

CD34-positive cells, if necessary, mostly because of practical reasons [14, 15]. Needless to 

say, CD34pos cells should contain not only LT-HSCs but also other progenitor cells that are 

already lineage-committed, thus lacking the capacity for long-term hematopoietic 

reconstitution. So far, only limited numbers of clinical trials have been reported to use more 

purified human HSCs for transplantation [15, 16].  At present, it thus remains to be further 

investigated if the highest purity of human HSCs are actually obtainable and their 

functionality is eventually evaluable in a combination of basic and clinical studies.[15, 16] 

When conducting the research by using HSCs as the test materials, one should note the 

different status of HSCs: they may exist in different stages of development (e.g., embryonic 

vs. adult hematopoiesis), derive from different mouse strains [17], come from different 

species [18], and may stay in different activation status [19]. Although the 

immunophenotyping by flow cytometry analysis remains a powerful tool for purification of 

HSCs as mentioned, expression of cell surface markers are prone to alteration depending on 

the surrounding cues, one thus needs particular caution when to examine them in 

inflammatory environment, such as BM after myeloablative conditioning. As for human 

settings, the source of HSCs should have an impact on transplantation medicine; cells 

containing HSCs can be harvested from BM, peripheral blood (PB), or umbilical cord blood. 
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1.2. Hematopoietic stem cell transplantation 

The first HSCT was conducted more than 50 years ago. Due to the unique regenerative 

characteristics of HSCs, they have been used as a source of transplants for treating a variety 

of diseases such as leukemia, congenital hematological/immunological disorders, metabolic 

diseases, and autoimmune diseases to restore normal hematopoietic and immune function in 

the patients [20] [21]. There are two types of HSCT depending on the origin of the cells: 

autologous transplantation, in which the cells are taken from individual’s own bodies, and 

allogeneic transplantation, in which the cells are donated from healthy donors either unrelated 

or related to the patients [20]. These two are summarized below. 

Autologous transplantation: More than 30,000 autologous transplantations are carried out 

annually worldwide with almost two thirds performed for the patients with multiple myeloma 

or non-Hodgkin’s lymphoma [20]. Given that the donor and recipient are the same in this 

therapeutic scheme, the risk of graft-versus-host-disease (GVHD) is very low, or virtually 

absent. Typical autologous HSCT for hematological malignancies requires the harvest and the 

cryopreservation of the patient’s own HSC-sources. Prior to the actual transplantation 

procedure, the patients with malignancies receive chemotherapy with or without radiotherapy 

to have the malignant cells eradicated, resulting in partial or complete destruction of host 

hematopoiesis. This “conditioning” procedure gives space for engraftment to and facilitates 

the growth of transplanted cells. The stored HSCs are then returned to patients’ own body, 

which will eventually replenish the irradiated BM compartment with the restoration of normal 

hematopoiesis. 

Allogeneic transplantation: Allogeneic HSCT on the other hand requires human leukocyte 

antigen (HLA) typing, since the HSCs are from genetically-different individuals. The HLA 

type should be matched between a donor and a recipient at more than 3 loci of the HLA gene. 

However even with a perfect match, immunosuppression will be usually required to prevent 

or suppress GVHD [21]. More than 15,000 allogeneic transplantations are performed annually 

worldwide with nearly half of those for acute leukemias [20]. 

1.3. Hematopoietic reconstitution 

  Hematopoietic reconstitution is the process that occurs following HSCT [22]. It is the 

dynamic process that may be simply divided into three steps: 1) a homing/lodging step where 
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infused donor HSCs transmigrate into and seed the bone marrow cavity; 2) a BM 

repopulation step where HSCs differentiate into progenitor cells with multi-lineage 

differentiation potential and simultaneously replicate themselves to ensure the lifelong 

maintenance of hematopoiesis; 3) a peripheral reconstitution step where mature cells are 

released from BM. The systemic production of mature cells is achieved as a consequence. 

Once steady-state hematopoiesis gets established, long-term sustainment of the normal 

homeostasis can be expected in the immune and hematopoietic systems. On the other hand, 

failure in any of these steps could impair transplantation outcomes [23]. 

1.4. Problems of hematopoietic stem cell transplantation 

There are inherent risks associated with HSCT, with the most serious one being 

treatment-related mortality resulting from various complications, including mucositis, 

sinusoidal obstruction syndrome characterized by painful hepatomegaly and jaundice, lung 

injury, and GVHD [20]. These complications often limit the use of HSCT only to patients 

suffering from diseases with life-threatening risks. 

In light of the transplantation related mortality, the low engraftment efficiency in HSCT 

can be critical, one thus needs to overcome it. Insufficient numbers of stem cells and the loss 

of HSC stemness are amongst the challenges that potentially result in the reduction of 

life-long functional cells after HSCT [24, 25]. It is thought that HSC functions are tightly 

regulated within the BM niche [2, 3]. Researchers have been quite active in trying to identify 

the factors and signaling pathways involved in this regulation, which mimics the existing 

regulatory mechanisms that occurs in the stem cell niche. This is to allow the possible 

augmentation of certain signals that will help to preserve HSC functions both in ex vivo and in 

vivo. For example, attempts have been made to provide supportive growth factors, stromal 

cell derived ligands such as Notch ligand Delta 1 or to target pathways used by HSCs such as 

the Hox family or the INK4 family [21, 25, 26]. However, the truly effective expansion 

methods applicable for human HSCs in transplantation setting still remain to be established. 

1.5. Chemokine and C-X-C chemokine receptor 

The chemokines are a small family of secreted proteins and they are regarded as special 

types of cytokines that have many functions but they are best known for their ability to induce 

cell migration. The name is derived from their ability to induce chemotaxis in target cells. 
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Proteins are classified as chemokines based on shared structural characteristic and four 

cysteine residues in the conserved location. Members of the chemokines can be divided into 4 

groups, C, CC, CXC, and CX3C chemokines depending on the spacing between first 2 

cysteines. Chemokines can also be divided into two types according to their expression 

pattern. Those induced during inflammation are called inflammatory chemokines and those 

expressed constitutively in specific tissue or cells are called homeostatic chemokines. The 

homeostatic chemokines have roles on lymphoid organogenesis, general organogenesis, and 

key roles in stem cell migration in the body [27]. 

The chemokine receptors are expressed on the surface of various types of cells. There are 

19 different chemokine receptors and 48 superfamily of ligands described in mammals. These 

receptors are G-protein coupled receptors (GPCR) that have the seven transmembrane 

structures coupled to a G-protein for signal transduction. Activation of chemokine receptors 

triggers an influx of Ca2+ and leads to cell responses such as chemotactic movement of the 

cells to a desired location within the organism. Chemokine receptors are divided into four 

different families according to the subfamilies of chemokines that they bind [27-29]. 

1.6. C-X-C chemokine receptor 4 in hematopoietic system  

CXC chemokine receptor type 4 (CXCR4) was first cloned from human leukocytes in 

1994 and gained much attention after being identified as the co-receptor for HIV infection. It 

is also known as fusin or cluster of differentiation 184 (CD184) [30-32]. CXC chemokine 

ligand (CXCL) 12, also known as stromal cell-derived factor 1 (SDF-1) or as pre-B-cell 

growth-stimulating factor (PBSF), is the primary physiologic ligand for CXCR4. SDF-1 and 

CXCR4 are believed to constitute a unique ligand-receptor pair unlike other chemokines that 

uses different chemokine receptors in promiscuous manner. Recently, extracellular ubiquitin 

was demonstrated as the natural ligand of CXCR4 [33]. 

In 2003, mutations in the CXCR4 gene were identified in patients with WHIM (Warts, 

Hypogammaglobulinemia, recurrent bacterial Infection and Myelokathexis) syndrome. This is 

considered to be the first, and still the only example of a human disease caused by defects of a 

chemokine receptor [34]. WHIM is the acronym derived from the major 4 features of 

disorders mentioned above. WHIM syndrome is a rare autosomal dominant 

immunodeficiency characterized also by neutropenia, which is one characteristic phenotype 

of the patients. The model mouse has recently been developed [35]. Several distinct mutation 
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sites within CXCR4 have been identified in patients, all of them cause the truncation of 

intracellular carboxy terminus (C-terminal) domain of the receptor. The mutation R334X is 

the most common of all [36]. SDF-1 binding to CXCR4 triggers a cascade of processes that 

include conformational change of the receptor and uncoupling from G-proteins [37].  The 

negative feedback loop also gets activated at the same time through the C-terminus 

cytoplasmic tail of CXCR4.  Due to defects in the C-terminal domain, the negative feedback 

control was concealed and thus increasing the stability of the receptor on cell surface. 

Leukocytes from WHIM patients reportedly show prolonged activation and demonstrate 

enhanced chemotactic responses to SDF-1 [38]. Administration of G-CSF or plerixafor, the 

latter of which is known to be an inhibitor for the CXCR4 receptor, had been used to 

attenuate the phenotypic neutropenia observed in WHIM patients [39]. Besides, this CXCR4 

antagonist has been used as a mobilizer of human CD34+ cells in the clinical setting, thus 

demonstrating the importance of this signaling in the retention of HSC/HPC in human bodies 

[27].  

CXCR4 receptors are expressed by hematopoietic cells and have been reported to serve as 

an important player in the HSC niche [40, 41]. The SDF-1/CXCR4 axis began to draw 

attention in the field of transplantation medicine, as SDF-1 was found to be a 

growth-stimulating factor for B cell precursor clones. In addition, the treatment of human 

CD34+ cells with antibodies to CXCR4 was demonstrated to prevent human cell engraftment 

to NOD/SCID mice [42, 43], suggesting the crucial role of this signaling in transplanted cells.  

Further information will be provided in the next section 1.7.   

Homozygous Cxcr4 null mice die in early embryonic development and show defects in 

B-cell lymphopoiesis, myelopoiesis, the central nerve system and cardiac septum formation. 

Similar phenotypes were also observed in Sdf-1 null mice. There observations further 

strengthen the idea that these two molecules most likely constitute the monogamous 

ligand-receptor pair [44-46]. Studies utilizing conditional knockout mice have offered some 

clarification on the role of CXCR4 in adult hematopoiesis. Induced deletion of Cxcr4 resulted 

in a severe reduction of HSC numbers and the loss of the quiescent state in primitive 

progenitor cells within the bone marrow [40, 47, 48]. These studies provided important 

information regarding the roles of CXCR4 signaling in steady-state hematopoiesis. 
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1.7. Uncertainty over the roles played by CXCR4 in transplanted hematopoietic stem 

cells 

The studies mentioned above also used conditionally knocked out BM cells in 

transplantation experiments to test the reconstitution potential of Cxcr4-defective HSCs. All 

of these studies made similar conclusions that the CXCR4-null HSCs were devoid of 

long-term reconstitution ability from the observation that the recipients of CXCR4-null BM 

cells showed poor peripheral reconstitution. General understanding of SDF1/CXCR4 axis is 

that this signaling is essential for HSC homing into the BM [49]. However, there is no single 

report that has ever tested the roles of the Cxcr4 receptor in mouse HSCs assessing the whole 

kinetics throughout marrow reconstitution process using “highly purified HSCs” as the 

transplantation source. The same is true not only in loss-of-function studies, but also in 

gain-of-function studies in that no report has ever addressed how the overexpression of the 

CXCR4 in purified HSCs affects the in vivo kinetics of hematopoietic reconstitution in mouse 

models. 

For human HSCs/HPCs, the importance of the SDF1/CXCR4 axis in transplantation was 

first identified in a publication, which reported a reduction of CD34+ cell engraftment in 

NOD/SCID mice caused by blocking CXCR4 signaling before transplantation [43]. 

Following this observation, overexpression of CXCR4 in human CD34+ cells was attempted 

to see whether this treatment favorably enhanced their migration and therefore engraftment of 

human cells in NOD/SCID mice [50-52]. Even though the definitive proof of enhanced HSC 

activity was not demonstrated in this study due to the current limitation in human HSC 

research, enhanced engraftment in BM was observed suggesting the modification of CXCR4 

signaling might benefits transplantation outcomes. 

Collectively, the above references strongly suggest that CXCR4 may possess a number of 

crucial roles in the homing, retention and engraftment of HSCs/HPCs. However, successful 

hematopoietic reconstitution is a dynamic process resulting from a series of sequential events 

following transplantation. It therefore remains unclear which steps specifically is CXCR4 

attributable for and subsequently how it influences the fate of purified transplanted donor 

HSCs. To address this question, I investigated the roles of CXCR4 signaling in the 

repopulation kinetics of transplanted HSCs in vivo by using both gain-of-function 

(overexpression) and loss-of-function (KO or desensitization) approaches. In 
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semi-quantitative analysis of gain-of-function effects, I used not only wild-type (WT) 

Cxcr4-overexpressing cells but also cells expressing Cxcr4 with a specific C-terminal deletion 

(ΔC) homologous to that found in patients with WHIM syndrome. This truncation is regarded 

as a gain-of-function mutation, because it increases cell-surface stability of CXCR4 without 

impairing CXCR4 signaling capabilities [35, 38, 51, 53, 54]. By using this combinational 

approach, I assessed each of the multiple steps in donor cell reconstitution in mice that 

received Cxcr4-modified HSC/HSPCs and dissected stage-specific roles that Cxcr4 signaling 

plays in transplanted cells. 
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Chapter II. Materials and methods 

2.1. Mice 

C57BL/6 (B6)-Ly5.1 mice came from Sankyo Labo Service. B6-Ly5.2 mice were from 

Japan SLC. Mice were used between 8 and 12 weeks after birth, unless otherwise indicated. 

Cxcr4-conditional knockout mice were generated by crossing two strains, one harboring loxP 

sites flanking exon 2 of Cxcr4 (Cxcr4flox/flox) [55] and the other capable of expressing Cre 

recombinase under the control of an IFN-inducible Mx promoter [56]. Expression of Cre was 

induced by intraperitoneal injection of 250 µg polyinosinic-polycytidylic acid (pIpC, 

Sigma-Aldrich) 5 times at 2-day intervals.  Mice harboring only the Cxcr4flox/flox allele, 

without an Mx-Cre cassette, were used as littermate controls (LM).  Two weeks after final 

pIpC administration mice were sacrificed and used.  A C57BL/6J (B6) mouse strain stably 

expressing Kusabira Orange (KuO) was generated from retrovirally transduced 129 

embryonic stem cells [57, 58], using procedures analogous, except for the retroviral vector 

used, to those used for the generation of B6 mice constitutively expressing enhanced green 

fluorescent protein (EGFP) [59, 60]. These mice were used after sufficient cycles (>12) of 

backcrossing to a B6 strain. 

2.2. Mouse HSCs and HSPCs 

Purified murine CD34neg/low c-Kit+Sca-1+Lineage marker-negative (CD34-KSL) cells were 

used as the HSC source [8, 61]. Where indicated, c-Kit+Sca-1+Lineage marker-negative 

(KSL) cells (referred to as HSPCs) were used. Considering the status of cells, i.e., either fresh 

or post-expansion, we defined CD34-KSL cells as fresh HSCs or cultured HS(P)Cs and 

defined KSL cells as fresh HSPCs or cultured HSPCs. Cell sorting was performed on a 

MoFlo cytometer (Beckman Coulter) or a FACSAria II (BD Bioscience).  The Institutional 

Animal Care and Use Committee, University of Tokyo, approved all animal experiments. 

2.3. Purification of mouse HSCs and HSPCs 

BM cells obtained from 8- to 12-week-old mice were stained with allophycocyanin 

(APC)-conjugated anti-c-Kit antibodies (BD Biosciences) and c-Kit+ cells were enriched 

using anti-APC magnetic beads and columns (Miltenyi Biotec). These cells were then stained 

with a lineage-marker cocktail consisting of biotinylated anti-Gr-1, -Ter119, -B220, -CD4, 

-CD8, and -IL7R (interleukin-7 receptor) monoclonal antibodies (mAb) (BD Bioscience), 
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fluorescein isothiocyanate (FITC)-conjugated anti-CD34, APC-conjugated anti-c-Kit, 

PE-conjugated Sca-1 mAbs, and streptavidin-Alexa 780, and were subjected to cell sorting.  

Lineage-marker-negative, c-Kit+, Sca-1+ cells are defined as HSPCs (KSL cells), whereas 

highly purified long-term HSCs are defined as a CD34-negative/dull fraction within KSL 

cells [61]. Information regarding the mAbs is shown in Table 1. Typical features of purified 

HSCs are shown in the context of our serum-free expansion culture (Fig. 8).   

2.4. Construction of system permitting gain-of-function studies on the role of Cxcr4 in 

murine HSPCs  

We constructed a retroviral-system for gain-of-function studies using a combination of the 

GCDNsam backbone vector [62] and 293GPG cells [63]. The pGCDNsam-IRES-EGFP 

(DNsam-I/E) was used unmodified as a control vector (Mock).  Murine WT-Cxcr4 cDNA 

was used to construct DNsam-WT-Cxcr4-I/E. We constructed from it DNsam-DC-Cxcr4-I/E, 

harboring mutant cDNA that encodes C-terminal truncated murine Cxcr4, which mimics the 

type of mutation most frequent in WHIM syndrome [34, 53] (Fig. 1 and Fig. 2). Production of 

highly concentrated, VSV-G-pseudotyped retroviruses is described [60]. As human and 

mouse CXCR4/Cxcr4 share almost identical amino acid sequences in the C-terminal tail (Fig. 

2), the mutant Cxcr4 was predicted to imitate the biological characteristics of the human 

counterpart [53] [34]. 

2.5. Retrovirus transduction of murine HSCs and HSPCs 

Murine HSCs or HSPCs were sorted into U-bottom 96-well plates precoated with human 

fibronectin fragments (RetroNectin, TAKARA BIO), with each well containing 

alpha-minimal essential medium (α-MEM) supplemented with 1% FBS, 50 ng/ml mouse 

stem cell factor (mSCF), 100 ng/ml mouse thrombopoietin (mTPO) (Peprotech), and 50 µM 

2-mercaptoethanol (2-ME; Sigma Chemical). One day later, cells were transduced with 

retroviral particles at a multiplicity of infection of ~600 for 24 hours. After transduction, 

medium was replaced with S-clone SF-O3 (Sanko Junyaku) supplemented with 1% BSA, 50 

ng/ml mSCF, 100 ng/ml mTPO, and 50 µM 2-ME. On day 4 of culture after transduction, 

cells expressing EGFP at high intensity (EGFP+ cells) were sorted and used for subsequent 

assays. Transduction efficiency ranged between 61.3% and 94.4% (Table 2A).  

Representative plots analyzed by flow cytometry are shown in Fig. 3A. 
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2.6. Cell lines 

CEM cells are immortalized human T-lymphoblastoid cells (a generous gift from Dr. 

Arinobu Tojo, University of Tokyo). 32D cells are a murine hematopoietic progenitor cell 

line (a generous gift from Dr. Seishi Ogawa, Kyoto University). Both cell lines were 

maintained in RPMI 1640 medium (SIGMA) containing 10% fetal bovine serum (FBS), 2 

mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin (all Invitrogen), with 

supplementation of 3~5 ng/ml murine IL-3 (Peprotech) only for 32D cells. Exponentially 

growing 32D cells were transduced with each viral supernatant in the presence of 10 µg/ml 

protamine sulfate, sorted for EGFP-positive cells, and subjected to downstream assays. 

2.7. Quantitative reverse transcription-polymerase chain reaction  

Total RNA was extracted from transduced HS(P)Cs 7-10 days after EGFP+ cell-sorting 

using the RNeasy Micro Kit (Qiagen). First-strand cDNA was synthesized using a 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Transcripts of both 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Cxcr4 were quantified by 

quantitative reverse transcription-polymerase chain reaction (RT-PCR). Each sample was run 

in triplicate using a ViiATM 7 real-time PCR system (Applied Biosystems). For GAPDH 

assessment, TaqMan Rodent GAPDH Control Reagents were utilized, whereas for Cxcr4 

transcripts the Universal ProbeLibrary system (Roche Diagnosis) was used (probe ID #38). 

The data obtained from the condition that PCR running efficiency was between 80% to 120% 

and R value of standard curve was greater than 0.98. Forward Cxcr4 primer: 

5’-tggaaccgatcagtgtgagt-3’; reverse Cxcr4 primer: 5’-gggcaggaagatcctattga-3’. 

2.8. Assessment of cell surface Cxcr4 expression  

Cell surface expression of Cxcr4 was analyzed by flow cytometry. Overexpression of the 

receptor after transduction was confirmed in cultured HS(P)Cs (Fig. 4 ), cultured HSPCs (Fig. 

7), and 32D cells (Fig. 5). To assess ligand-mediated receptor internalization, test cells were 

either left unstimulated or stimulated with 100 or 500 ng/ml murine SDF-1 (Peprotech) for 30 

minutes. They then were stained with phycoerythrin-conjugated anti-mouse (for murine 

receptors, clone 2B11) or anti-human (for CEM cells, clone 12G5) CXCR4 mAb 

(eBioscience) and analyzed with a FACSCanto II. Percent reduction of surface Cxcr4 levels 
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was calculated using mean fluorescence intensity (MFI) values in stimulated cells and in 

unstimulated cells ([unstimulated - stimulated] / unstimulated). 

2.9. Migration assay 

To analyze chemotactic responses, sorted EGFP+ cultured HS(P)Cs were expanded for 7 

days in S-clone (SF-O3, Sankyo Junyaku) with 1% bovine serum albumin (BSA, 

Sigma-Aldrich), 20 ng/ml mSCF, 20 ng/ml mTPO, and 50 µM 2-ME (ST-basal medium), and 

3 x 104 cells re-suspend in the 1%BSA/S-clone medium were added to upper chambers of a 

96-well transwell apparatus (Costar; pore size 5 µm) containing varying concentrations of 

SDF-1 in its lower chambers[64]. The cells that transmigrated in the indicated minutes were 

counted by flow cytometry using Flow-Count Fluorosphere beads (Beckman Coulter). Forty 

to fifty ml of Fluorosphere beads were added and data acquiring was stopped as beads count 

reached 5,000 per sample during FACS analysis. 

2.10. Cell proliferation assay 

Cell proliferation was assessed in liquid culture with 96-well U-bottom plates containing 

ST-basal medium with varying concentrations of SDF-1. Fresh HSCs (CD34-neg/low KSL 

cells) and multipotent progenitors (CD34-positive KSL cells) were used at 50 cells/well.  

After culture for 7 days cells were counted by flow cytometry. As shown in Fig. 9, addition of 

SDF-1 at “a desensitizing concentration in many cases (500 ng/ml)” stimulated basal 

proliferation without substantial differentiation. Of note is that even at 1,000 ng/ml SDF-1 

still stimulated proliferation in HSCs, whereas it evoked a blunted response in multipotent 

progenitors (Fig. 9). 

2.11. Intracellular Ca2+ flux assay 

Ca2+ influx response was assessed [65] in a series of 32D cell lines that were 1) 

untransduced, or transduced with retroviral vectors and thus expressing either 2) EGFP alone 

(Mock), 3) excess amounts of wild-type Cxcr4 (WT), or 4) ΔC-type receptor (ΔC).  

Exponentially growing cells were collected (~2 x 106 cells), washed in PBS, then incubated 

for 30 minutes at 37oC with the fluorescent calcium indicator Rhod-2 (2.5 µM) in loading 

buffer containing 1.25 mM probenecid and 0.04% Pluronic F-127. After washing in recording 

medium, cells were resuspended in 500 µl of pre-warmed recording medium. Rhod-2 

fluorescence was continuously measured using a FACSCalibur for 150 seconds. Ten µl of 
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each stimulant was added to the cells 20 seconds after record initiation. EGFP and Rhod-2 

fluorescence values were recorded with a proper compensation setting. Ca2+ influx kinetics in 

response either to ionomycin or to varying doses of SDF-1 was represented as Rhod-2 MFI 

using FlowJo software (Tree Star). The reagents described above, including “loading buffer” 

and “recording medium”, are from Dojindo Molecular Technologies.  

2.12. Single-cell colony assays in liquid culture 

Our colony assay in liquid medium is described [61, 66]. In brief, test cells were sorted 

clonally into 96-well plates containing S-clone supplemented with 10% fetal bovine serum 

(FBS), 1% BSA, 10 ng/ml mSCF, 10 ng/ml mTPO, 10 ng/ml mouse interleukin-3 (mIL-3), 1 

U/ml human erythropoietin (hEPO; both Peprotech), and 50 µM 2-ME, with varying 

concentrations of SDF-1. Colonies were evaluated at days 11 and 14 for gain-of-function and 

loss-of-function studies respectively. 

2.13. Assessment of Seeding Efficiency in Stromal Cell Co-culture 

The ability to repopulate an irradiated stromal cell layer was tested in sorted EGFP+ 

HS(P)Cs or fresh HSCs using the in vitro co-culture assay [67] that we developed from 

cobblestone-like area formation assays [68, 69], and is similar to a system recently shown to 

be useful to assess HSCs’ clonogenic ability in stromal co-cultures at a clonal level [70]. Test 

cells were sorted onto irradiated (50 Gy) C3H10T1/2 stromal cell layers pre-established in 

6-well plates containing a-MEM medium with 10% FBS, 1%PSG, and 10 ng/ml mSCF, 10 

ng/ml mTPO, 10 ng/ml mouse interleukin-3 (mIL-3), 1 U/ml human erythropoietin (hEPO; 

both Peprotech). The culture medium was replaced twice a day. Formed cobblestone-like 

areas were counted between days 10 and 14. Specific ability to form cobblestone-like areas in 

the presence of C3H 10T1/2 cell layers was assessed in test cells as reported [67].  

2.14. Immunoblot analysis of intracellular phosphorylation kinetics of Erk protein 

Aliquots of the same series of 32D cells (1 x 105 cells per point), except for untransduced 

cells, were cytokine- and serum-starved for 12 hours and then were re-stimulated with 100 

ng/ml SDF-1. Whole-cell lysate samples were subjected to immunoblot analysis using 

anti-p44/42 MAPK (Erk1/2) and anti-phospho-p44/42 MAPK (Erk1/2)(Thr202/Tyr204) 

rabbit mAb, followed by signal detection using horseradish peroxidase-conjugated goat 
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anti-rabbit IgG (Cell Signaling Technology), according to manufacturer’s instructions (Fig. 

33). 

2.15. Intracellular phosphorylation kinetics of signaling molecules 

Sorted EGFP+ cultured HS(P)Cs were expanded for 7 days in S-clone (SF-O3, Sankyo 

Junyaku) with 1% bovine serum albumin (BSA, Sigma-Aldrich), 20 ng/ml mSCF, 20 ng/ml 

mTPO, and 50 µM 2-ME (ST-basal medium), cytokine-starved for 6 hours, then re-stimulated 

with 100 ng/ml or 500 ng/ml SDF-1. At the indicated times, cells were fixed and 

permeabilized and were stained with anti-phospho-p44/42 MAPK (Erk1/2)(Thr202/Tyr204), 

anti-phospho-Akt (Thr308), or isotype-control rabbit mAb (Cell Signaling Technology), 

followed by Alexa Fluor 647-goat anti-rabbit IgG (Invitrogen), according to manufacturer’s 

instructions. (Fig. 33 and Fig. 34) 

2.16. HSPC Homing Assay 

For the gain-of-function study, EGFP+ cultured HSPCs (test cells) were co-transplanted 

into irradiated recipients with either fresh KSL or total BM cells from KuO-Tg mice 

(reference cells) numbered as shown. B6-KSL cells were transduced and sorted as EGFP+ 

with procedures like those used for HSC transduction. 

These cultured HSPCs (test cells; 50,000 cells) were co-transplanted into 

lethally-irradiated recipients with 17,000 fresh KSL cells (reference cells) isolated from 

transgenic B6 mice constitutively expressing KuO fluorescent protein (KuO+ cells).  

Twenty-four hours later, both EGFP+- and KuO+-cells were counted in the same harvested 

BM samples (collected from 2 pelvic bones, 2 femurs, and 2 tibias of each individual 

recipient mouse) using flow cytometry analysis (Fig.18). Homing events were represented by 

the ratio of EGFP+ cells (test cells) to KuO+ cells (reference cells) and compared between 

samples. To maximize assay sensitivity, we acquired as many events as possible with a 

FACSCanto II.  HSPC homing at earlier time points (4, 15, and 24 hours) was consecutively 

assessed in an experiment conducted in the same way as that above except for the use of 

17,000 test cells together with 106 whole BM cells isolated from KuO+ Tg mice (Fig.19). 

To desensitize HSPCs to SDF-1, fresh KuO-expressing (KuO+) KSL cells preincubated 

with AMD3100 [37-39] (test cells) were co-transplanted into irradiated recipients with total 

BM cells from EGFP-Tg mice (reference cells)(schematic representation, Fig. 29A). At the 
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times indicated, both EGFP+- and KuO+- cells were counted in the same BM samples using 

flow cytometry analysis. Homing events were represented by the ratio of test cells to 

reference cells (Fig. 29). 

2.17. Early HSPC Repopulation Kinetics in Recipient BM 

An assay system to estimate HSPC repopulation kinetics early after transplantation is 

described [67]. In this study, we estimated early (16 and 24 hours) and late homing (day 2) 

and subsequent repopulation (days 4 and 6) of infused test cells by examining colony-forming 

cells (CFCs) detectable in BM of irradiated recipients. EGFP+ cultured HS(P)Cs or fresh 

HSCs were transplanted alone into lethally-irradiated recipient mice. Cells obtained at 

indicated times from recipient femurs, tibias, and pelvic bones were subjected to 

colony-forming assays and scored.  To evaluate CFCs, we used methylcellulose medium 

either obtained from Stem Cell Technologies (maximum sensitivity) or made at our 

laboratory using SF-03 (for routine use), containing 30% FBS, 10 ng/ml mouse SCF, 10 

ng/ml human TPO, 10 ng/ml mouse IL-3, and 2 units/ml hEPO in 35-mm dishes. Cells were 

incubated for 11 days at 37oC in a humidified atmosphere with 5% CO2 for gain-of function 

assay and for 14 days for loss-of-function assay. 

2.18. Competitive Repopulation Assays 

To assess both short-term (2-3 weeks) and long-term (> 16 weeks) reconstitution ability in 

test cells, a competitive repopulation assay was used [61]. For long-term analysis in a 

gain-of-function setting, 700 EGFP+ cultured HS(P)Cs or 100 fresh HSCs obtained from 

Cxcr4-KO mice were used per recipient mouse. For short-term analysis, we used 100 EGFP+ 

cultured HS(P)Cs or 200 fresh HSCs per recipient. Whole BM cells from Ly5.1/5.2 F1 mice 

were used as competitors at 2 x 105 cells per recipient.  For secondary transplantation, 

pooled BM cells from primary recipients were transplanted into lethally-irradiated recipients 

at 4 x 105 cells per recipient.  Donor cell chimerism of multiple hematopoietic lineages was 

evaluated by flow cytometry. Generally, a high percentage of donor cells (~70-90%) retained 

EGFP positivity long-term in recipients, most likely due to inherent resistance to gene 

silencing of the DNsam retroviral backbone vector [57, 59, 60] used in this study (Table 2B 

and Fig. 3B).  
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2.19. Long-term donor chimerism analysis in hematopoietic cell populations 

Phenotypic cell-surface markers used to define each hematopoietic subset are summarized 

below. Antibody descriptions in detail are listed in Table 1. 

 

LT-HSC (long-term hematopoietic stem cells):  

lineage (Gr1, Mac1, Ter119, CD4, CD8, B220, IL7R)-CD34-c-kit+Sca1+ 

ST-HSC (long-term hematopoietic stem cells):  

lineage (Gr1, Mac1, Ter119, CD4, CD8)-CD34+c-kit+Sca1+ 

CLP (common lymphocyte progenitors):  

lineage (Gr1, Mac1, Ter119, CD4, CD8, B220, CD3, CD5)-IL7R+ Flk2+Sca1dullcKitdull 

CMP (common myeloid progenitors):  

lineage (Gr1, Ter119, CD4, CD8, B220, IL7R, IgM, CD3, CD19, Sca1)-ckit+CD34+FcgR- 

GMP (granulocyte/macrophage progenitors):  

lineage (Gr1, Ter119, CD4, CD8, B220, IL7R, IgM, CD3, CD19, Sca1)-ckit+CD34+FcgR+ 

ProB (progenitor B cells): CD43+IgM-B220+ 

PreB (premature B cells): CD43-IgM-B220+ 

MaB (mature B cells): CD43-IgM+B220+ 

PriNeu (primitive neutrophils): Gr1dullMac1dull 

MaNeu (mature neutrophils): Gr1+Mac1+ 

B (peripheral blood B cells): CD4-CD8-Gr1-Mac1-B220+ 

Mye (peripheral blood myeloid-lineage cells): CD4-CD8-Gr1+Mac1+B220- 

2.20. Assessment of AMD3100-induced mobilization effect on donor chimerism 

Lethally irradiated recipient mice were transplanted with 300 EGFP+ cells along with 2 x 

105 competitor cells (as described in “Competitive repopulation assays”) in a gain-of-function 

setting. Baseline donor cell chimerism in total leukocytes was analyzed by flow cytometry 11 

weeks after transplantation (“pre-mobilization” values) and the mice were left untouched for 

stabilization. One week later, each mouse received a single dose of intraperitoneal AMD3100 

(10 mg/kg). PB donor chimerism was analyzed one hour after AMD3100 injection 

(“post-mobilization” values). See Fig. 26. 
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2.21. Statistical Analysis 

All data are expressed as means ± SD. Comparisons between two groups were subjected to 

Student’s unpaired t test using Prism 4 software (GraphPad), and comparisons of more than 

two groups were performed by Dunnett’s multiple comparison (vs. control) unless otherwise 

annotated. P for trend was tested using polynomial contrast in general linear models. A level 

of P < .05 was considered significant. 
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Chapter III. Results 

3.1. Stepwise Gain-of-Function Effects of Exogenous Cxcr4 on Transduced HS(P)Cs, 

with Greater Response for the ΔC-Type Receptor 

The system that allows to study the gain-of-function effect in HSCs and HSPCs was 

constructed. As the retroviral gene delivery technology was used, the transduction efficiency 

was assessed. After transduction, the percentage of cells expressing EGFP, a marker of 

transgene expression, was similar between groups (Fig. 3A). Next, the expression level of 

Cxcr4 was examined. In comparison to control group (Mock), overexpression of Cxcr4 

receptors, either in wild-type configuration or in their C-terminus truncated form, was 

confirmed in transduced HS(P)Cs (Fig. 4A and Fig. 6), transduced HSPCs (Fig. 7), and in the 

murine hematopoietic cell line 32D (Fig. 5A). The detailed flow cytometry analysis revealed 

correlation between the expression levels of Cxcr4 receptors and the EGFP marker in cells 

overexpressing exogenous Cxcr4 receptors (Fig. 4B and 5B). These data demonstrated that 

the established retroviral system was readily able to confer the overexpression of Cxcr4 

receptors to transduced cells. 

In general, the presence of its ligand is known to initiate two major events, intracellular 

signaling responses and rapid internalization of the receptor in cells expressing a chemokine 

receptor [71]. Upon SDF-1 stimulation, surface Cxcr4 receptor is recycled via an endocytosis 

process for which an intact cytoplasmic C-terminal domain is required. Defective 

internalization of ΔC-Cxcr4 in response to SDF-1/CXCL12 has been reported in previous 

studies [35, 50, 53, 54, 72, 73], and it was also clearly observed in this study for 

ΔC-Cxcr4-32D cells with 100 ng/ml of SDF-1 (Fig. 12A). With this low concentration of 

SDF-1, however, as the degree of receptor internalization in both Mock- and 

WT-Cxcr4-HS(P)Cs cells was far less than that observed in transduced 32D cells and human 

T cell line CEM (Fig. 12B), blunting of the response of ΔC-Cxcr4 was therefore not evident 

(Fig. 11A). Nevertheless, HS(P)Cs overexpressing ΔC-Cxcr4 showed a blurred response in 

receptor internalization with a higher concentration of SDF-1 (500 ng/ml, Fig. 11B).  

  Gain-of-function effects were confirmed in WT- and ΔC-Cxcr4-transduced cells in 

comparison with Mock-cells by a chemotaxis assay and a Ca2+ influx assay; a stepwise 

enhancement in transwell migration to SDF-1/CXCL12 was evident with greater response for 

ΔC-Cxcr4-cells than that for other cell types (Fig. 13), consistent with an enhanced 
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chemotactic response in human cells expressing WHIM-type CXCR4 [27, 53, 54, 64, 74, 75]. 

With 30 minutes’ incubation, the difference between groups remained relatively small, but it 

became evident with longer incubation time, 90 minutes (Fig. 13B). The stepwise nature of 

gain-of-function for WT- and ΔC-Cxcr4 was further confirmed with a Ca2+ influx assay using 

32D cells (Fig. 10). 

3.2. Enhanced in Vitro Proliferative Response of HS(P)Cs under Particular 

Circumstances by Gain-of-Function Modification in Cxcr4 Signaling 

I next examined the characteristics of these cultured HS(P)Cs using a series of in vitro 

assays. At first, clonogenic ability and differentiation characteristics were compared in in 

vitro single-cell liquid culture. As shown in Fig. 14, modification of Cxcr4 did not alter 

frequencies of HS(P)Cs capable of colony formation, with colony types also unaffected (no 

SDF-1). Addition of SDF-1 produced no remarkable influence on these cultures (SDF-1 50 

and 500 ng/ml). These results suggest minimal influences of Cxcr4 receptor modification on 

HS(P)Cs’ clonogenic ability in stroma-free liquid culture and on their differentiation 

properties. We next tested proliferative characteristics of bulk populations in liquid culture. 

As described in materials and methods, our basal culture system is distinct from others in 

allowing self-renewal of murine HSCs both at a single cell level [58, 76] and at a population 

level [77] with the minimum cytokines (SCF and TPO) needed in a serum-free setting. In this 

so-called “HSC-self-renewal compatible” culture, we found fresh HSCs highly resistant to 

desensitization to Sdf-1 (Fig. 9). When cultured HS(P)Cs were tested in this system (input 

cells = 50 cells/well), massive expansion was observed for all cell types in the absence of 

SDF-1/CXCL12 (Fig. 15B, SCF+TPO alone = SDF-1: 0 ng/ml). Cell proliferation was 

unexpectedly enhanced in the presence of SDF-1/CXCL12 especially at the highest 

concentration (500 ng/ml), which was considered “desensitizing” for most cell types [35, 78, 

79]. Interestingly, the additive effects of exogenous Cxcr4 receptors on HS(P)C proliferation 

became evident only in the presence of 500 ng/ml SDF-1; as shown in Fig. 15B, stepwise (i.e., 

WT < ΔC-Cxcr4) enhancement in response was observed in comparison with control samples 

(Untransduced and Mock). Similar to the result of a chemotaxis assay, the cell expansion was 

generally observed in all three groups suggesting the positive effect of SDF-1/Cxcr4 signaling 

in HS(P)Cs’ proliferation (Fig. 15A). This feature was supported by cell cycle analysis, the 

ΔC-Cxcr4-HS(P)Cs showed more cells at S phase than other groups (Fig. 16). 
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We then tested whether overexpression of exogenous Cxcr4 affected HSPCs’ ability to 

colonize and to repopulate C3H10T1/2 feeder cell layers in an in vitro co-culture assay [67]. 

In this assay, test cells can be scored for in vitro clonogenic ability in the presence of stromal 

cells by counting characteristic cobblestone-like areas that form underneath the feeder layers. 

I first confirmed both the presence of Sdf-1 in this culture supernatant and the significance of 

the Sdf-1/Cxcr4 axis for cobblestone-like area formation using the CXCR4 antagonist 

AMD3100. In this system, the presence of Sdf-1 in culture medium of feeder cells and bone 

marrow was detected (Fig. 17C). To test the relationship between the SDF-1/Cxcr4 axis and 

the colonization ability in cells, the Cxcr4 antagonist was added to culture medium through 

out the assay. As the CXCR4 antagonist concentration increased, the ability of HSCs to form 

the area was decreased indicating that this signaling is important for HSCs to colonize and 

repopulate the feeder layers (Fig. 17B). When Cxcr4-modified HS(P)Cs were subjected to 

this assay, the ability to form cobblestone-like areas proved remarkably enhanced in 

comparison with that in Mock control cells; enhancement occurred in a stepwise manner, with 

the greatest response in ΔC-Cxcr4-overexpressing cells (Fig. 17A). Collectively, these 

findings demonstrated that augmented Cxcr4 signaling alters cellular responses to favor 

HSPC survival/proliferation, especially in the presence of high concentrations of Sdf-1 and/or 

of supporting feeder layers that produce this ligand. 

3.3. Augmented Cxcr4 Signaling in Murine HS(P)Cs/HSPCs Does Not Enhance BM 

Homing/Lodging, but Improves Subsequent BM Repopulation  

I then examined how augmentation in Cxcr4 signaling affected the in vivo behavior of 

transplanted HS(P)Cs at different times during BM reconstitution. In preliminary experiments 

where BM homing efficiency of purified HSCs was assessed with a direct quatification 

method, we could detect only marginal numbers of events in recipient BM by flow cytometry, 

and found difficult the reliable quantitation of cells that home in marrow after infusion of 

CD34-KSL cells, even with extremely high numbers (up to ~15,000 cells per mouse; data not 

shown). We thus decided to use KSL cells as the starting material to assess rare events of BM 

homing/lodging. As the earliest process, BM homing efficiency was assessed using EGFP+ 

cultured HS(P)C populations (Figs. 18 and 19). As shown, I found no enhancement in BM 

homing of HSPCs at the indicated times (4-24 hours) by gain-of-function Cxcr4 modification 

(Fig. 18 and 19). This was also true when we used EGFP+ cultured HS(P)Cs as the sole 
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transplants and assessed BM homing by counting number of CFCs recovered from each 

recipient at 16 and 24 hours (Fig. 20). The earlier time points (4 and 8 hours) was also 

examined for transduced/cultured HS(P)Cs, but there were no CFCs detectable in the 

recipient BM in this assay (data not shown). I next examined subsequent BM repopulation 

kinetics by extending the times of analysis, similarly as previously reported [67]: in this 

setting, CFCs measurable in BM are supposed to reflect not only homing, but also subsequent 

cell division shortly after homing. As shown in Fig. 19C, augmentation of Cxcr4 signaling in 

HS(P)Cs did not lead to increased numbers of CFCs in recipient BM at days 2 and 4. 

Collectively, these results demonstrate that augmentation in murine Cxcr4 signaling does not 

affect the earliest events after HSPC transplantation, including BM homing/lodging by 

HSPCs. 

I further tracked in vivo BM repopulation by donor HS(P)Cs beyond the above time 

points. As recipients of HS(P)Cs alone barely survived lethal-dose irradiation beyond day 7, 

test HS(P)Cs were transplanted with competitor cells, with their relative contributions to BM 

repopulation determined at days 14 and 21 (Fig. 21). Of note is that stepwise increases in 

donor chimerism were visible in BM at these time points (P for trend = 0.038) with 

ΔC-Cxcr4-cells showing the highest donor cell contribution (vs. Mock, P = 0.035). The 

advantage in BM repopulation for Cxcr4-augmented HS(P)Cs was also noticeable in cohorts 

of long-term recipients (Fig. 21C, P for trend = 0.042), again with ΔC effects being the 

highest (vs. Mock, P = 0.038).  From these observations, we conclude that the Sdf-1/Cxcr4 

axis plays a role in productive BM repopulation by transplanted HSPCs after the second 

phase (weeks 2-3) that follows transplantation. 

3.4. Continuous Overexpression of Exogenous Cxcr4 Receptors in HS(P)Cs Leads to 

Poor Peripheral Reconstitution 

The possible correlation between Cxcr4 signal intensity in HS(P)Cs and their short-term 

BM reconstitution efficiency made me wonder how long-term transplantation outcome would 

fare in gain-of-function experiments. In competitive repopulation assays, 

ΔC-Cxcr4-transduced HS(P)Cs contributed poorly to PB chimerism at 4 weeks (Fig. 25B) and 

16 weeks (Fig. 25C), consistent with the major features of WHIM syndrome, 

lymphocytopenia and neutropenia [34, 36, 51, 74]. That overexpression of WT-Cxcr4 in 

HS(P)Cs also did not improve PB reconstitution (Fig. 25, WT) was unexpected, as beneficial 
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effects of similar treatment are reported for human CD34+ cells [50, 52]. To figure out that 

this low donor chimerism in PB was due to excessive Cxcr4 signaling in HS(P)Cs or not, 

Cxcr4 antagonist (AMD3100) was systematically injected into long-term recipients. 

Significantly increased PB donor chimerism was observed in WT- and ΔC-Cxcr4 groups, 

suggesting that blunted peripheral mobilization of donor cells played a causal role in poor PB 

reconstitution in these mice (Fig. 26). 

3.5. Enhanced Donor Cell Chimerism Occurs in BM Cells Throughout Developmental 

Stages of HS(P)Cs Expressing Gain-of-Function Cxcr4 Receptors 

Of note is that the recipients of ΔC-Cxcr4-transduced HS(P)Cs showed obvious 

long-term donor cell chimerism in BM (Fig. 21C); this may accompany favorable in vivo 

expansion of transplanted HSCs, or may simply indicate accumulation of certain cell types at 

a particular differentiation stage, thus reflecting conditions that in some respect are abnormal. 

To distinguish these possibilities, we scrutinized recipient BM for donor cell chimerism in 

multiple cell compartments, including the long-term HSC fraction (LT-HSC; Fig. 23). As 

shown in Fig. 22, individual recipients of Mock-treated HS(P)Cs did not display significant 

alterations in donor cell chimerism among these populations, suggesting little influence on 

hematopoiesis by Mock-transduction of HS(P)Cs. In contrast, donor cell chimerism differed 

clearly between PB leukocytes (open histograms) and BM compartments (colored 

histograms) in each recipient that received Cxcr4 signal-enhanced HS(P)Cs (Fig. 22, WT and 

ΔC).  General enhancement of chimerism in the BM compartments, including LT-HSC, was 

striking, with no difference between fractions, which suggested that Cxcr4 signal-dependent 

donor cell expansion might occur even at a stem cell level. When donor cell chimerism was 

similarly assessed along two major paths of lineage development, i.e., B cells and neutrophils, 

results were consistent with the idea that Cxcr4 signal augmentation induced no gross 

alterations, such as maturation arrest, in hematopoietic development, but likely caused 

exaggerated BM retention of donor cells (Fig. 22). Since Cxcr4 signaling had been implicated 

in B cell differentiation, comparison between control (Mock) and Cxcr4-modified groups 

were conducted. As shown in Fig 24, no obvious changes in the percentages of either Pro B 

cells or immature/mature B cell populations between groups. Furthermore, similar B cell 

differentiation pattern between competitor and test cells was observed within the same 

recipient BM (Fig. 24). The increase of “phenotypically-defined” LT-HSCs might not 
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necessarily imply, however, that functional HSC numbers were amplified. We could 

demonstrate persistence within primary recipient BM of reconstituting cells that were capable 

of establishing donor chimerism upon serial transplantation (Fig. 27, PB). No advantage over 

Mock-treated cells, however, was observed for WT- and ΔC-Cxcr4-expressing cells in 

repopulation of secondary recipient BM (Fig. 27, BM), unlike the case with primary 

recipients (Fig. 21C) (see Discussion, below). 

3.6. Loss-of-Function Studies Support the Proposed Roles of Cxcr4 in Murine HSPCs in 

Transplantation 

To understand Cxcr4’s roles in murine HSPCs better in transplantation, the 

loss-of-function analyses in experimental settings like those used for the gain-of-function 

studies were conducted.  To this end, I mostly used purified HSCs obtained from Cxcr4 

conditional KO mice [55] and littermate (LM) control mice after induction (Fig.1). First, the 

absence of Cxcr4 receptors did not affect HSCs’ colony-forming ability in liquid medium or 

their multilineage potentials (Fig. 28A). When cell proliferation was tested in liquid culture, I 

found loss of SDF-1-responsiveness in KO-HSCs (Fig. 28B, KO) whereas control LM-HSCs 

showed a response similar to that observed in both fresh B6 HSCs (Figs. 8A and Fig. 9) and 

cultured HS(P)Cs (Fig. 15). Consistent with the loss of SDF-1-response phenotypes, the 

ability of Cxcr4-deficient HSCs to form cobblestone-like area formation was shown to be 

severely impaired (Fig. 28C). The defect in Cxcr4-KO-HSCs found in this assay may be 

regarded as a mirror-image of the results in gain-of-function experiments (Fig. 17A), thus 

further supporting the importance of Cxcr4 receptors in HSC/HSPC colonization and 

proliferation in the presence of feeder cell environments that produce Sdf-1/Cxcl12. 

We then examined how the absence of Cxcr4 signaling in HSCs affected in vivo kinetics 

of donor cell repopulation. Early BM homing was assessed using fresh HSPCs with or 

without receptor desensitization using the Cxcr4 antagonist AMD3100 following established 

preincubation methods [72, 80, 81](Fig. 29A). As assessed at 15 hours, I did not detect a 

decrease in BM homing of HSPCs that had been rendered unresponsive to Sdf-1/Cxcl12, even 

with additional systemic administration of AMD3100 (Fig. 29B). Supporting this observation, 

assessment of subsequent repopulation in BM on days 4 and 6 demonstrated that in the 

absence of Cxcr4 expression (KO) transplanted HSCs yielded numbers of CFCs comparable 

with those observed for wild type HSCs (LM; Fig. 30). Genotyping PCR demonstrated that 
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most randomly picked-up CFCs had the Cxcr4 locus completely knocked out (31 in 33, 

93.9%), thus indicating that the “highly purified HSCs” that we injected alone into 

lethally-irradiated recipients were capable of BM homing in vivo and colony formation ex 

vivo in the absence of functional Cxcr4 expression. KO-HSCs, contrary to these findings, 

clearly showed significant impairment in capability of BM repopulation at 2 and 3 weeks 

after transplantation (Fig. 31B). As expected, KO-HSCs contributed to PB long-term less than 

did LM control HSCs (Fig. 31C), consistent with previous observations [40, 43, 47]. 

Our comprehensive approach has pointed out the importance of the Sdf-1/Cxcr4 axis in 

HSC/HSPCs for productive engraftment and repopulation in recipient BM, especially for a 

particular phase after transplantation, that is, the early/sub-early repopulation phase (~2-3 

weeks), which follows the initial engraftment process (< 1 week). 

3.7. Alteration in Phosphorylation Kinetics of Erk in Response to SDF-1 in HS(P)Cs 

Expressing ΔC-Cxcr4 

To obtain mechanistic insights, I examined how overexpression of exogenous Cxcr4 

receptors altered downstream signaling events in HS(P)Cs. Phosphorylation kinetics in Erk1/2 

and Akt were tested in EGFP+ cultured HS(P)Cs by flow cytometry analysis. While 

phosphorylated Akt intensity was unaltered before and after stimulation (Fig. 34), clear 

alterations in phosphorylated Erk1/2 (pErk) signals confirmed that the HS(P)Cs used the 

MAPK/Erk signaling pathway in response to SDF-1/CXCL12 (Fig. 33). The peak response 

was seen 3 minutes after stimulation, with the greatest response in ΔC-Cxcr4-expressing cells.  

Response termination was delayed in ΔC-Cxcr4-expressing cells, with residual pErk-signals 

still detectable at 15-30 minutes, whereas cells in the other two samples (Mock and WT) 

quickly returned to baseline status by 15 minutes. Of note is that with even a 

“desensitizing-high” concentration of SDF-1 (500 ng/ml), ΔC-expressing cells still showed 

visibly enhanced phosphorylation at peak and delay in its termination. Similar behavior was 

confirmed by immunoblotting assay using the 32D murine hematopoietic cell line (Fig. 32).  
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Chapter IV. Discussion 
The goal of this study is to use experimental findings to benefit patients undergoing 

transplantation. To this end, I sought to clarify the stage-specific role of Cxcr4 signaling in 

transplanted cells during hematopoietic reconstitution. With gain-of-function experiments, 

augmentation of Cxcr4 signaling appeared relatively unimportant in accelerating the 

homing/lodging of murine HSC/HSPCs, but efficient in enhancing their subsequent 

repopulation of BM.  This pattern of stage-specificity in Cxcr4’s role was also demonstrated 

in a series of loss-of-function experiments.  These results strengthen the generally held idea 

that CXCR4 signal modification can benefit transplantation outcomes [50, 52], by 

demonstrating enhancement in donor cell expansion, possibly even at a stem cell level. Also 

to note, however, is that sustainment of augmented signal led to detrimental effects on 

transplantation outcomes in this study, even with overexpression of a non-mutant Cxcr4 

receptor. 

4.1.  Role of Cxcr4 signaling in an initial homing process of transplanted HSC/HSPCs 

That the SDF-1/CXCR4 axis plays an indispensable role in BM homing by adult HSCs 

seems widely accepted [49, 82]; this may contrast with my findings. This view, however, 

rests on pioneering studies that used human HSPCs, mostly in loss-of-function settings [43, 

83]. These were followed by gain-of-function studies that demonstrated improved human 

HSPC engraftment in immunodeficient mice with overexpression of wild-type CXCR4 

[50-52]. KO mouse studies have clearly demonstrated the importance of Cxcr4 for robust 

hematopoietic reconstitution in transplantation but have not specifically addressed BM 

homing by purified HSCs [40, 47]. This study of the role of Cxcr4 is, so far as I know, the 

first gain-of-function approach to use murine HSC/HSPCs. Using cultured HSPCs derived 

from KSL cells, I demonstrated that overexpression of exogenous Cxcr4 receptors did not 

lead to enhanced BM homing (Figs. 18 and 19). Short-term homing (16-24 hours) and 

subsequent repopulation kinetics (days 2-4) in BM, assessed by using cultured HS(P)Cs, also 

did not alter with Cxcr4-overexpression (Figs. 20B and 20C). These results indicate that 

augmentation of Cxcr4 signaling does not benefit transplanted murine HSC/HSPCs in these 

early processes. 

In loss-of-function experiments, I used purified HSCs freshly isolated from 

Cxcr4-deficient mice for the assessment of early BM repopulation capability (days 4 and 6; 
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Fig. 30B). The results supported the idea that the Sdf-1/Cxcr4 axis may be of little importance 

in this phase of BM repopulation. The impact of Cxcr4 signaling on early BM homing was 

assessed using fresh, uncultured HSPCs following established desensitizing methods utilizing 

the Cxcr4 antagonist AMD3100 [72, 80, 81]. The results demonstrated that BM homing (15 

hours) of purified HSPCs did not much depend on the Sdf-1/Cxcr4 axis, consistent with 

previous observations [80]. There may be controversy, however, on this issue, because other 

workers observed impaired BM homing by HSPCs after AMD3100 treatment [72]. This can 

probably be attributed to differences in study design, with the most significant one being that 

I used HSPCs alone as the sole transplant/analyte whereas others assessed homing of HSPCs 

by injecting donor cells preincubated with AMD3100 as either low-density BM cells [81] or 

lineage-negative BM cells [72]. The importance of these observations should be emphasized, 

as in clinical settings unpurified hematopoietic cells are most often used in transplantation.  

Nevertheless, I believe that my findings also are of importance, because clinical gene therapy 

trials currently in progress use purified CD34+ HSPCs [84], thus resembling my experimental 

settings. 

4.2.  Role of Cxcr4 signaling in early repopulation process of transplanted HSC/HSPCs 

In contrast to the above findings, studies of donor cell reconstitution within BM at weeks 

2 and 3 clearly accorded a role to Cxcr4 signaling (Figs. 21B and 31B). Although the 

frequency of donor HSCs in BM could not be determined by immunophenotyping due to 

transient change of surface markers of HSCs at these early time points, the results obtained by 

cobblestone-like area formation experiments (Fig. 17A) mirrored in vivo donor chimerism at 

2-3 weeks (Fig. 21B). This in turn supports the idea that augmentation of Cxcr4 signaling 

leads to expansion (colonization, proliferation) of HSPCs in vivo, where the presence of 

stromal cells is expected to promote this event. 

4.3.  Role of Cxcr4 signaling in an in vivo expansion of transplanted HSC/HSPCs 

Cxcr4-mediated effects on in vivo HSC/HSPC expansion may arise from improved 

survival/proliferation and/or enhanced retention of HSPCs within BM. Consistent with this 

idea, studies suggested that CXCR4 relays a survival-promoting signal within HSPCs [49, 
85]. Of note is that Cxcr4 signal-mediated enhancement in proliferation was more evident 

when HSPCs either were in contact with feeder cells (Fig. 17A) or were stimulated with 
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SDF-1 in high concentrations (500 ng/ml, Fig. 15B). Promotion of cell cycling in HSPCs by 

SDF-1/CXCL12 may conflict with recent descriptions of a role for Cxcr4 in maintenance of 

HSC quiescence [40, 47, 48]. However, I think it possible to explain this discrepancy by the 

difference in culture systems. In fact, in our defined culture system [76, 77], HSCs, either 

fresh or after stimulation, resisted desensitization to high concentrations of SDF-1 (Figs. 9 

and 15). There were readily measurable levels of Sdf-1 in murine BM cavities irrespective of 

irradiation conditioning (Fig. 17C), one can expect local levels of Sdf-1 to be very high in 

vivo, especially in the functional niche environment. I therefore speculate that in our scenario, 

high concentrations of Sdf-1 may allow favorable proliferative response in murine 

HSC/HSPCs when they exist in “self-renewal-comparable” conditions. 

Kawai et al. demonstrated that transplantation of human HSPCs overexpressing 

WHIM-mutant receptor resulted in the WHIM phenotype in the mouse environment [51]. 
More recently, generation of WHIM-type mice was reported with many interesting findings 

[35]. Mine is the first study of the WHIM-type receptor in the murine system in the context 

of HSPC transplantation. Most notable is that enhanced BM repopulation was observed in the 

LT-HSC population, at least as defined by immunophenotyping, upon signal augmentation 

(Fig. 22). Altered Erk activation kinetics may be responsible for the observed enhancement of 

repopulation capability in HSC/HSPCs equipped with gain-of-function Cxcr4, but further 

investigation is needed for more mechanistic insights. 

Secondary transplantation, however, did not confirm stem cell expansion in primary BM 

by definition (Fig. 27, PB); this was partly explained by the properties of “defects in PB 

release”, which should inhere in phenotypically defined HSCs still expressing exogenous 

Cxcr4. Furthermore, the highest donor chimerism by ΔC-Cxcr4-expressing cells in BM (Fig. 

21C) was not phenocopied to the BM of secondary recipients (Fig. 27, BM), probably 

suggesting impaired repopulating ability in each donor LT-HSC due to long-term 

non-physiological Cxcr4 signaling events.  

4.4.  Implication of Cxcr4 signaling for HSC/HSPCs transplantation medicine  

When considering implications of this study for clinical transplantation, poor PB 

contribution by HS(P)Cs overexpressing WT-Cxcr4 is significant; this may contrast with the 

favorable effects of CXCR4 overexpression on the engraftment/repopulation of human 

HSPCs [50, 52]. Species differences may account for this discrepancy. Differences in study 
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design, however, may contribute more importantly. I transplanted only cells expressing EGFP 

at high levels (thus likely exogenous Cxcr4 receptors as well, see Fig. 4A), which might have 

led to unfavorable, extreme gain-of-function effects on hematopoietic reconstitution.  

Alternatively, improved reconstitution reported in the case of CXCR4 overexpression may be 

attributable to the co-injection of non-HSC/HSPCs, so-called “facilitating cells” [82], mostly 

missing in our study. 

In this work, cultivation of HSCs is required in gain-of-function settings, thus those 

findings may be applicable to cycling HSC/HPSCs (likely present in the setting of gene 

therapy) but not to their fresh counterparts. Our culture system [76, 77], however, is capable 

of maintenance of progenitor phenotypes in most cells after 7 days (Figs. 8B and C) and 

actually is “self-renewal compatible”. It is therefore I believe that this study complements 

general knowledge concerning the role of CXCR4 in HSPC transplantation [49, 86, 87]. 

Further investigation is necessary for formal demonstration of whether enhanced HSC 

self-renewal is feasible, using an experimental system that allows in vivo inducible expression 

of exogenous Cxcr4 in test cells for a certain period of time after transplantation. More 

practically, it would be intriguing, for clinical application of my findings, to aim at drug 

discovery by screening for an efficacious and specific small molecule having characteristics 

of a CXCR4 agonist with limited desensitization. With elucidation of mechanisms underlying 

CXCR4/Cxcr4 signal-mediated effects, perhaps combined multiple strategic approaches will 

eventually culminate in greater clinical benefits. 
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Chapter V. Conclusions 
In this study, I have addressed stage-specific roles for Cxcr4 signaling in donor cell 

repopulation in BM for the first time using purified mouse HSC/HSPCs. With unique 

combinational approaches that used both loss-of-function and gain-of-function modification 

of Cxcr4 receptors, I found that Cxcr4 signaling appears unimportant for the homing/lodging 

of mouse HSC/HSPCs, but vital for their subsequent repopulation of BM. Cxcr4 signal 

enhancement likely favored BM repopulation by donor cells at a level of primitive cell 

populations, but was shown to be detrimental to PB reconstitution when sustained too long.  

Consequently, I think it important to investigate further when and how long signaling via this 

chemokine receptor is to be modified in order favorably to enhance HSPC engraftment in 

future transplantation medicine. 
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Figure Legend 1 
 2 
Figure 1.  Schematic representation of experimental procedures and retroviral vectors. 3 
(A) A schema of gain-of-function and loss-of-function experiments.  (B) Shown is a schema 4 
of the pGCDNsam-IRES-EGFP retroviral vector and its derivatives, with one harboring 5 
WT-Cxcr4 cDNA and the other C-terminal-truncation-type (ΔC) Cxcr4.  MoMLV: Moloney 6 
murine leukemia virus LTR;  Ψ +: packaging signal;  S.D.: splice donor;  S.A.: splice 7 
acceptor;  IRES: internal ribosomal entry site;  PCMV: PCC4 cell-passaged 8 
myeloproliferative sarcoma virus LTR.  9 
 10 
Figure 2.  Human CXCR4 and murine Cxcr4 share almost identical C-terminal tail 11 
amino-acid sequences.  12 
Top:  A schema of human CXCR4.  Amino-acid residues at beginning and end of 13 
cytoplasmic tail are numbered.  Amino-acid residue 334 (R334X, WHIM syndrome 14 
mutation) is also indicated. 15 
Bottom:  Comparison of amino-acid sequences in C-terminal tails of CXCR4/Cxcr4.  Of 45 16 
residues shown, only three (blue: human, green: mouse) differ between human and mouse 17 
(93.3% identity).  Shared serine and threonine residues are shown in orange.  The 19 18 
amino-acid residues missing in WHIM patients and in the murine mutant used in this study 19 
are identical in sequence. 20 
 21 
Figure 3.  EGFP expression analysis.  22 
(A) Representative flow cytometry plots obtained by analyzing EGFP expression in 23 
transduced HS(P)Cs.  Cells were analyzed ~72 hours after virus exposure (corresponding to 24 
day 4 in the schematic representation in Fig. 1).  (B) Retention of EGFP reporter expression 25 
in donor cells after transplantation.  Typical examples of assessment show EGFP positivity 26 
in PB leukocytes gated on donor-type marker CD45.1+ cells.  The data from representative 27 
mice that received transduced and EGFP+-sorted HS(P)Cs in a series of competitive 28 
repopulation assays are shown (transplantation #3, see Table 2B).   29 
 30 
 31 
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Figure 4.  Characterization of HS(P)Cs engineered to overexpress exogenous Cxcr4 1 
receptors. 2 
(A) Assessment of cell surface Cxcr4 expression in HS(P)Cs after one week of cultivation 3 
following transduction and EGFP+ cell-sorting.  Cxcr4 intensity (blue histograms) represents 4 
endogenous Cxcr4 expression by untransduced cells (Untransduced) and Mock-transduced 5 
cells (Mock), or the sum of both endogenous and exogenous Cxcr4 expression by transduced 6 
cells (WT, ΔC).  Mean fluorescence intensity (MFI) values are shown.  Red histogram:  7 
isotype control.  (B) Cxcr4 surface expression levels are shown in conjunction with EGFP 8 
marker intensity in two-color plots.  For these particular experiments, cells were used 9 
unsorted after transduction.  To better demonstrate several features of Cxcr4 overexpression, 10 
overlay histograms are depicted separately by gating EGFP-dull populations and -bright 11 
populations (percentages are shown).  Cxcr4 intensity (blue histograms) represents 12 
endogenous Cxcr4 expression by Mock-transduced cells (Mock), or the sum of both 13 
endogenous and exogenous Cxcr4 expression by transduced cells (WT and ΔC).  MFI values 14 
are shown.  Red histograms: isotype control.  Note that the brighter EGFP intensity 15 
becomes, the higher Cxcr4 expression goes in cells transduced with WT- and 16 
ΔC-Cxcr4-vectors.   17 
 18 
Figure 5.  Characterization of 32D cell lines engineered to overexpress exogenous 19 
Cxcr4 receptors. 20 
(A) Assessment of cell surface Cxcr4 expression in 32D cell lines following transduction and 21 
EGFP+ cell-sorting.  Cxcr4 intensity (blue histograms) represents endogenous Cxcr4 22 
expression by untransduced cells (Untransduced) and Mock-transduced cells (Mock), or the 23 
sum of both endogenous and exogenous Cxcr4 expression by transduced cells (WT, ΔC).  24 
Mean fluorescence intensity (MFI) values are shown.  Red histogram:  isotype control.  25 
(B) Assessment of cell surface Cxcr4 expression in 32D cells following transduction and 26 
EGFP+ cell-sorting.  Data are shown as described in Fig. 4B.   27 
  28 
 29 
 30 
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Fig 6.  Confirmation of Cxcr4 overexpression in transduced HS(P)Cs at an mRNA 1 
level. 2 
EGFP+ cells obtained by flow-cytometry sorting were subjected to quantitative RT-PCR 3 
analysis after cultivation for 7 days.  For reference, one group of cells was kept in expansion 4 
medium without gene transduction (Untransduced).  Copy numbers of Cxcr4 transcripts in 5 
each sample were normalized to those of GAPDH.  Relative abundance (mean values ± SD, 6 
n = 3) of Cxcr4 (assessed as sum of endogenous and exogenous transcripts where they exist) 7 
is shown by setting Untransduced values as 1. 8 
 9 
Figure 7.  Confirmation of Cxcr4 overexpression in transduced HSPCs. 10 
Assessment of cell surface Cxcr4 expression in HSPCs after cultivation following 11 
transduction.  Cxcr4 intensity (blue histograms) represents endogenous Cxcr4 expression by  12 
Mock-transduced cells (Mock), or the sum of both endogenous and exogenous Cxcr4 13 
expression by transduced cells (WT, ΔC).  Mean fluorescence intensity (MFI) values are 14 
shown.  Red histogram:  isotype control.   15 
 16 
Figure 8.  Baseline characteristics of proliferative response and immunophenotype 17 
alteration in ex vivo cultured HSCs in the context of SDF-1 stimulation. 18 
Compare with results in main text using mostly cultured cell populations derived from 19 
purified CD34-KSL cells (HSCs).  Baseline response of fresh HSCs to SDF-1 and retention 20 
of primitive cell immunophenotypes were assessed using our defined serum-free culture 21 
system containing SCF and TPO.  (A) Fresh CD34-KSL cells were sorted into 96-well 22 
U-bottom plates at 50 cells/well and were counted 7 days after cultivation with the indicated 23 
concentrations (ng/ml) of SDF-1.  Shown are representative data from 6 independent 24 
experiments.  Mean values ± SD are shown (n = 6).  **P < .01.  (B-C) Similarly treated 25 
cells were collected, stained with antibodies to c-Kit and lineage markers, and analyzed for 26 
immunophenotypes by flow cytometry.  (B) Left:  Shown is the frequency (%) in each well 27 
of cells that retained a lineage-marker negative (Lin-), c-Kit-positive (Kit+) phenotype (KL 28 
cells).  Dead cells were excluded from analysis using propidium iodide.  Right:  Estimated 29 
absolute counts of KL cells in each well.  (C) Representative immunophenotypes of cultured 30 
HSCs in each condition.  Results for a control culture of CD34+ KSL cells (multipotent 31 
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progenitors) in medium containing SCF, TPO, EPO, and IL-3 are also shown for comparison.  1 
Percentage of cells residing within the given gates is shown.  Note that ~90% of cells still 2 
retain a “KL cell” phenotype despite substantial expansion in cell numbers over 7 days. 3 
 4 
Figure 9.  Resistance to SDF-1-induced receptor desensitization in murine HSCs  5 
observed via proliferative response in a defined culture system. 6 
Proliferation ability of HSCs and multipotent progenitors (MPPs:  CD34+ KSL) in response 7 
to varying concentrations of SDF-1.  Test HSCs or MPPs were sorted at 50 cells/well into 8 
96-well plates and were counted 7 days after cultivation in serum-free basal medium 9 
(containing SCF and TPO) without or with different concentrations of SDF-1.  Flt-3 ligand 10 
(50 ng/ml) and IL-6 (10 ng/ml) were added to support the proliferation of MPPs.  Addition 11 
of SDF-1 at an extremely high concentration (1,000 ng/ml) evoked signs of Cxcr4 12 
desensitization in MPPs, while it further enhanced HSCs proliferation.  Data shown 13 
represent 2 independent experiments (n = 6).  Mean values are indicated as bars.  *P < .05.  14 
 15 
Figure 10.  Stepwise enhancement in SDF-1-mediated Ca2+ influx response in 32D cells 16 
by gain-of-function Cxcr4 modification.  17 
Shown is Ca2+ influx response assessed in a series of 32D cell lines.  Viable cells loaded 18 
with the fluorescent calcium indicator Rhod-2 were subjected to flow cytometry analysis.  19 
After initiation of data acquisition for Rhod-2 fluorescence, the assay tube was removed from 20 
a FACSCalibur at 20 seconds, the stimulant was added (red arrows), and the tube was 21 
immediately restored for analysis followed by continuous data acquisition for up to 150 22 
seconds overall.  Rhod-2 fluorescence was analyzed by gating on EGFP+ cells to ensure 23 
accuracy.  The Ca2+ influx kinetics in response to the given stimulants was represented as the 24 
values of Rhod-2 MFI, using FlowJo software.  For comparison, the raw values of “area 25 
under the curve” (AUC) were estimated in each time frame (0-20 sec, baseline; 20-70 sec, 26 
early phase; 70-150 sec, late phase).  Shown are corrected AUC values for early and late 27 
phases.  These were calculated as corrected AUC value for, e.g., an early phase sample = 28 
raw AUC (early phase) – [raw AUC (baseline) x 50 (acquisition time length for early 29 
phase)/20 (acquisition time length for baseline phase)].  Where values fall below zero, “< 0” 30 
is indicated.  Of note is that AUC assessment revealed that the ΔC-Cxcr4-expressing cells 31 
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showed enhanced Ca2+ influx response compared with those overexpressing WT-Cxcr4.  All 1 
data were analyzed in duplicate.  Representative data are shown. 2 
 3 
Figure 11.  Receptor internalization analysis in HS(P)Cs. 4 
(A) Receptor internalization.  Cultured and sorted HS(P)Cs were left unstimulated or were 5 
stimulated with SDF-1 (100 ng/ml) for 30 minutes, after which surface expression of Cxcr4 6 
was compared by flow cytometry.  (B) Cxcr4 receptor internalization was tested by using 7 
100 ng/ml SDF-1.  Gray/Black:  unstimulated; Red:  stimulated with SDF-1.  As a 8 
negative control, data for unstained cells (stimulated) are included as dotted histograms.  9 
Estimated MFI values are shown in the corresponding colors.  Percent reduction of Cxcr4 10 
expression was calculated as described (Materials and Methods).  Shown are representative 11 
data from 3 independent experiments. 12 
 13 
Figure 12.  Receptor internalization analysis in 32D cells. 14 
(A) Receptor internalization analysis of a series of 32D cells.  Transduced and sorted 32D 15 
cells were left unstimulated or were stimulated with SDF-1 (100 ng/ml) for 30 minutes, after 16 
which surface expression of Cxcr4 was compared by flow cytometry.  Gray/Black:  17 
unstimulated; Red:  stimulated with SDF-1.  As a negative control, data for unstained cells 18 
 (stimulated) are included as dotted histograms.  Estimated MFI values are shown in the 19 
corresponding colors.  Percent reduction of Cxcr4 expression was calculated as described 20 
(Materials and Methods).  Mean values are indicated as bars (n = 3, ****P < .0001).  (B) 21 
CXCR4 receptor internalization assessment in a human T cell line, CEM.  CEM cells were 22 
left unstimulated or were stimulated with varying concentrations of SDF-1 for 30 minutes, 23 
after which surface expression of CXCR4 was compared by flow cytometry.  Gray/Black:  24 
unstimulated; colored:  stimulated with SDF-1 at the indicated concentration.  As a 25 
negative control, data of unstained cells (unstimulated) are included as a dotted histogram.  26 
Estimated MFI values are shown in the corresponding colors.  Cells were tested in triplicate; 27 
the MFI values are shown as plots.  Mean values ± SD are indicated (n = 3, ****P < .0001).  28 
 29 
 30 
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Figure 13.  Step-wise enhancement of chemotactic responses to SDF-1 in murine 1 
HS(P)Cs. 2 
Shown are the results obtained by a comprehensive transwell migration assay testing varying 3 
SDF-1 concentrations at two time points.  Numbers of cells that transmigrated to lower 4 
chambers in response to varying concentrations of SDF-1, estimated at the indicated time 5 
points, are shown as representative data from 2 independent experiments with 5 replicates per 6 
group.  *P < .05, **P < .01, ***P < .001, ****P < .0001.  Same data are shown with 7 
different way of expression.  (A) Data are shown by groups.  (B) Data are shown by 8 
incubation times.  (C) Data are shown by concentrations.  9 
 10 
Figure 14.  Colony forming assay of Cxcr4-modified HS(P)Cs in single-cell cultures.  11 
Single-cell cultures in the presence of SCF, TPO, IL-3, and EPO as baseline cocktail.  12 
Cultures were maintained either with no other additives (no SDF-1) or added exogenous 13 
SDF-1 at the indicated concentrations (SDF-1 50 or 500 ng/ml).  Shown are colony numbers 14 
(numbers of positive wells in a 96-well plate) and the colony types assessed on day 11.  Cell 15 
composition morphologically determined in each colony was represented by a single or 16 
combination of the following letters;  m: macrophage,  n: neutrophil,  E: Erythroblast,  17 
M: Megakaryocyte.  For example, “m” means a colony containing only macrophages, 18 
whereas “nm” and “nmM” represent colonies composed of a mixture of corresponding cell 19 
lineages.  “nmEM” represents colonies derived from “uncommitted ”single cells with high 20 
potential for multilineage differentiation within a myeloid compartment. 21 
 22 
Figure 15. Augmentation of Cxcr4 signaling in HS(P)Cs correlates with enhanced 23 
proliferative responses in the presence of SDF-1 in high concentrations. 24 
(A) Proliferation ability of Cxcr4-modified cells in response to SDF-1.  Test HS(P)Cs were 25 
sorted at 50 cells/well into 96-well plates and were counted 7 days after cultivation in 26 
serum-free basal medium (containing SCF and TPO) alone or in the presence of SDF-1.  27 
Data shown represent 3 independent experiments (n = 10).  (B) Same data are shown and 28 
expressed according to different concentrations of SDF-1 in the culture medium.  Mean 29 
values are indicated as bars. *P < .05, **P < .01, ***P < .001.  Untransduced:  30 
untransduced control.   31 
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Figure 16.  Cell cycle status of transduced HS(P)Cs growing in liquid culture.    1 
Representative profiles of EdU labeling and cell cycle dye staining in retrovirus-transduced 2 
HS(P)Cs.  EGFP+ cells were sorted and cultured for 7 days in serum-free basal medium 3 
containing SCF and TPO with or without SDF-1.  EdU (2.5 mM) was added 3 hours before 4 
the end of incubation to label cells progressing through the cell cycle.  (A) Dual-parameter 5 
dot plot diagram to determine cell cycle status.  Top panel, right:  APC fluorescence 6 
(EdU-positive cells) plotted against DNA content (cell cycle dye 405 staining) to identify 7 
cells in G1G0, S, and G2M phases after doublet discrimination.  (B) Percentages of cells in 8 
different phases of cell cycle.  Black triangles shown below each set of four histograms 9 
represent varying concentrations of SDF-1.  From left to right, each histogram corresponds 10 
to 0, 5, 50, and 500 ng/ml.  Green:  Mock, blue:  WT, red:  ΔC.  Differences among 11 
samples were subtle but significant:  More ΔC-Cxcr4-treated cells were in S-phase and 12 
fewer were in G0/G1 phase than was the case for other cells (Mock and WT) in the presence 13 
of 500 ng/ml SDF-1, consistent with their proliferation properties (Figure 15). 14 
 15 
Figure 17.  Augmentation of Cxcr4 signaling in HS(P)Cs correlates with enhanced 16 
proliferative responses in the presence of feeder cell layers. 17 
(A) Ability of Cxcr4-modified HS(P)Cs to form cobblestone-like areas (Cbl-As) in the 18 
presence of feeder cells.  Test cells were directly sorted onto a feeder layer of C3HT101/2 19 
cells at 50 cells/well.  Numbers of areas per well evaluated on day 10 are shown as mean 20 
values ± SD (n = 4, representative of 3 independent experiments).  **P < .01.  Right: Photo 21 
images of representative view fields are shown.  Scale bars represent 200 µm.  (B) 22 
Dose-related inhibition of HSC cobblestone-like area formation by blocking the Sdf-1/Cxcr4 23 
axis in the C3H 10T1/2 cell layer culture.  CD34-KSL cells were directly sorted onto a 24 
feeder layer of C3H 10T1/2 cells and cultivated in defined medium with or without the 25 
CXCR4 receptor antagonist AMD3100 at 10, 100, and 1000 ng/ml.  AMD3100 exposure 26 
was maintained steadily throughout culture by fresh medium replacement every 2-3 days.  27 
Numbers of areas per well evaluated on day 14 are shown as mean values ± SD (n = 4 per 28 
condition, representative of 2 independent experiments).  *P < .05, **P < .01.  (C) 29 
Presence of measurable Sdf-1 in conditioned medium of C3H 10T1/2 feeder cells and in bone 30 
marrow (BM) cavities.  Fresh medium was included as control (Medium).  After 31 
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establishing an irradiated C3H 10T1/2 (10T1/2) feeder cell layer in 6-well plates, medium 1 
samples were obtained 3 days after re-feeding and culturing cells in either normoxic or 2 
hypoxic conditions (~20% O2, Normoxia; ~5% O2, Hypoxia).  BM fluid samples were 3 
obtained as supernatants by flushing out the BM cavity in 500 ml PBS using sets of femurs, 4 
tibias, pelvic bones, and upper forelimb bones from individual mice, followed by 5 
centrifugation to exclude cells.  Mice were used either unirradiated [TBI (-)] or 24 hours 6 
after irradiation [TBI (+)] at 9.7 Gy.  Sdf-1 concentrations were quantified by ELISA.  7 
Samples were assessed in triplicate.  Data are shown as mean values ± SD.  8 
 9 
Figure 18  Cxcr4 signal-augmentation in HSPCs does not enhance the homing process. 10 
(A) A schema of a homing assay using HSPCs as test cells.  EGFP+ cultured KSL cells were 11 
transplanted into lethally-irradiated recipients at 50,000 cells per mouse (Test cells).  Each 12 
recipient mouse simultaneously received 17,000 fresh KSL cells expressing the fluorescent 13 
marker KuO (KuO+ cells) as reference control (Reference cells).  Approximately 24 hours 14 
later, as many bone marrow cells as possible were obtained from 6 long bones (pelvic bones, 15 
femurs, and tibias) of each mouse to estimate the numbers of EGFP+ and KuO+ cells 16 
contained, with these regarded as “BM-homed” cells.  (B) A homing assay using cultured 17 
HSPCs, either Mock-virus-treated (Mock) or expressing either wild-type (WT) or C-terminal 18 
truncated-type (ΔC) exogenous Cxcr4 receptors.  Twenty-four hours later, homing events 19 
were quantified in recipient BM as KuO+ and EGFP+ cells (red and green gates respectively).  20 
Representative flow cytometry analysis is shown at upper panel.  Shown are the event ratios 21 
of EGFP+ (test cells) to KuO+ (reference cells) expressed as means ± SD (n = 5 for each 22 
group).   23 
 24 
Figure 19.  Tracking in vivo fates of Cxcr4-modified HSPCs in homing processes. 25 
Tracking in vivo fates within recipient BM of reconstituting HSPCs with or without 26 
overexpression of exogenous Cxcr4 receptors.  (A) A schema of a homing assay using 27 
HSPCs as test cells.  EGFP+ cultured HSPCs were transplanted into lethally-irradiated 28 
recipients at 17,000 cells per mouse (Test cells).  Each recipient mouse simultaneously 29 
received 106 fresh BM cells expressing fluorescent marker KuO (KuO+ cells) as reference 30 
control (Reference cells).  BM cells subsequently were obtained from recipient left femur 31 
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and tibia.  Approximately 2x106 viable cells per sample were analyzed for numbers of 1 
EGFP+ and KuO+ cells contained, with these regarded as “BM-homed” cells.  (B) Homing 2 
assay using cultured HSPCs, either Mock-virus-treated (Mock) or expressing either wild-type 3 
(WT) or C-terminal truncated (ΔC) exogenous Cxcr4 receptors.  Test and reference cells 4 
were transplanted as described above.  Four, 15, and 24 hours later, homing events were 5 
quantified in recipient BM.  Shown are the event ratios of EGFP+ cells (Test cells) to KuO+ 6 
cells (Reference cells) expressed as means ± SD (n = 5 for each group) from 2 independent 7 
experiments.   8 
 9 
Figure 20.  Tracking in vivo fates of Cxcr4-modified HS(P)Cs in homing processes.  10 
Tracking in vivo fates within recipient BM of reconstituting HS(P)Cs with or without 11 
overexpression of gain-of-function Cxcr4 receptors.  (A) A schema of a homing assay using 12 
HS(P)Cs as the sole test cells.  EGFP+ cultured HS(P)Cs were transplanted into 13 
lethally-irradiated recipients at 100 cells per mouse.  (B, C) Assessment of BM homing/early 14 
repopulation processes.  Shown are numbers of CFCs detected in BM of each mouse that 15 
received either fresh unmodified HSCs or HS(P)Cs (100 cells per mouse) alone after 16 
lethal-dose irradiation.  Shown are the results obtained at 16 hours (open histograms) and 24 17 
hours (closed histograms) after transplantation (B), or at 2 days (open histograms) and 4 days 18 
(closed histograms) after transplantation (C).  Data are expressed as means ± SD (n = 4, 19 
representative of 3 independent experiments).  20 
 21 
Figure 21.  Tracking in vivo fates of Cxcr4-modified HS(P)Cs in BM repopulation. 22 
(A) A schema of a competitive repopulation assay using HS(P)Cs as test cells.  EGFP+ 23 
cultured HS(P)Cs were transplanted into lethally-irradiated recipients.  Each recipient mouse 24 
simultaneously received 2x105 fresh BM cells competitor cells.  Recipient BM was analyzed 25 
at specific time points as indicated.  (B) Donor cell chimerism assessment in competitive 26 
repopulation assays.  Shown are donor cell chimerism values in recipient BM at week 2 27 
(open histograms) and week 3 (closed histograms).  Mean values ± SD are shown (n = 4, 28 
representative of 4 independent experiments).  *P < .05 (ΔC vs. Mock).  Values of P for 29 
trend are shown.  (C) Donor cell chimerism in long-term recipient BM at week 36.  Shown 30 
is representative flow cytometry analysis of donor cell chimerism in mice transplanted with 31 
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treated HS(P)Cs in a competitive repopulation assay.  Graphic representation of chimerism 1 
analysis is also shown as mean values ± SD (n = 5, representative of 3 independent 2 
experiments).  *P < .05 (ΔC vs. Mock).  Values of P for trend are shown. 3 
 4 
Figure 22.  Continuous expression of gain-of-function receptors in HS(P)Cs enhanced 5 
BM repopulation, by donor cells throughout developmental stages. 6 
Donor cell chimerism assessed 36 weeks after transplantation in long-term recipient BM 7 
(colored histograms) and PB (white histograms) for multiple hematopoietic subfractions.  8 
Top: Stem cells, progenitor cells, and PB leucocytes (HSC/HSPC).  Middle:  9 
Differentiation path along B cell development (B lineage differentiation).  Bottom:  10 
Differentiation path along myeloid development (Myeloid differentiation).  Detailed marker 11 
combinations used to define each population are listed (see Materials and Methods).  Data 12 
analyzed by Dunnett's multiple comparison test with peripheral chimerism as control.  *P 13 
< .05, **P < .01.  LT-HSC: long-term hematopoietic stem cells, ST-HSC: short-term 14 
hematopoietic stem cells, CLP: common lymphoid progenitors, CMP: common myeloid 15 
progenitors, all in BM.  Leuk: leukocytes in PB.  proB: pro-B cells, preB: pre-B cells, maB: 16 
mature B cells, all in BM.  B: B cells in PB.  GMP: granulocyte/macrophage progenitors, 17 
priNeu: primitive neutrophils, maNeu: mature neutrophils, all in BM.  Mye: myeloid cells in 18 
PB. 19 
 20 
Figure 23.  Detailed analysis of donor cell chimerism in multiple cell fractions in 21 
recipient BM.  22 
Shown is the representative step-by-step gating strategy used for the analysis shown in Figure 23 
22 (example: analysis of LT-HSC and ST-HSC populations for a recipient mouse in the 24 
WT-Cxcr4 treatment group).  25 
 26 
Figure 24.  Comparative analysis of B cell lineage development in long-term recipient 27 
BM.  28 
Shown are the representative step-by-step gating strategy and FACS plots used to analyze 29 
development characteristics of B cell lineages in recipient BM.  The competitor and donor 30 
cells co-existing in the same recipient BM were separately gated and analyzed for pro-B 31 
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(IgM-B220+CD43+) and mature B (IgM+ B220+) cell populations.  Similar percentages of not 1 
only pro-B cells but also IgM+ B cells are shown in both competitor and donor cell 2 
populations within the same recipient BM, revealing no gross abnormality in B cell-lineage 3 
differentiation in Cxcr4-modified cells. 4 
 5 
Figure 25.  Continuous expression of gain-of-function receptors in HS(P)Cs leads to 6 
impaired peripheral reconstitution. 7 
(A) A schema of a competitive repopulation assay using HS(P)Cs as test cells.  EGFP+ 8 
cultured HS(P)Cs were transplanted into lethally-irradiated recipients.  Each recipient mouse 9 
simultaneously received 2x105 fresh BM cells competitor cells.  Recipient PB was analyzed 10 
at specific time points as indicated. (B-C) Percent PB chimerism of donor cells on 11 
competitive repopulation assay 4 weeks for (B) and 16 weeks for (C) after transplantation.  12 
Donor cell chimerism was separately determined for each lineage (T cells, B cells, and 13 
myeloid cells).  Shown are data represented as mean values ± SD obtained from mice each 14 
of which received 700 EGFP+ cells along with 2 x 105 competitor cells (n = 5, representative 15 
of 3 independent experiments).  **P < .01. , ***P < .001. 16 
 17 
Figure 26.  Blunted peripheral mobilization of donor cells plays a causal role in poor 18 
PB reconstitution for Cxcr4-overexpressing cells. 19 
(A) A schema of the rational of AMD3100 mobilization experiments.  Note that donor cell 20 
chimerism is high in BM, but low in PB in the recipients of HS(P)Cs expressing exogenous 21 
Cxcr4 receptors.  (B) A schema representative of AMD3100 mobilization.  One week after 22 
the analysis of baseline donor cell chimerism, each mouse received intraperitoneal systemic 23 
injection of AMD3100 (10 mg/kg).  One hour after AMD3100 injection, PB chimerism was 24 
analyzed and the fold increase of donor chimerism was calculated for each donor.  (C) 25 
Assessment of AMD3100-induced mobilization effect on donor chimerism in long-term 26 
recipients.  Top: Donor cell chimerism of individual recipients before and after mobilization.  27 
Bottom: Shown are data represented as mean values ± SD obtained from groups of recipient 28 
mice (n = 10, representative of 2 independent experiments).  *P < .05, ***P < .001. 29 
 30 
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Figure 27.  Long-term hematopoietic reconstitution in secondary recipients of 1 
Cxcr4-modified HS(P)Cs. 2 
Reconstitution capability of Cxcr4-modified HS(P)Cs was assessed by serially transplanting 3 
BM cells obtained from primary recipients (4 x 105 cells per mouse) into secondary recipients.  4 
Shown are mean values ± SD for donor cell chimerism in PB (top) or in BM (bottom) 5 
determined 16 weeks after transplantation. 6 
 7 
Figure 28.  The importance of the Sdf-1/Cxcr4 axis in HSC/HSPCs proliferation and 8 
colonization in the presence of stromal cells. 9 
All loss-of-function studies used as starting materials purified HSCs harvested from either 10 
Cxcr4 conditional KO mice or their littermate control (LM) mice similarly treated with pIpC.  11 
(A) Single-cell cultures in the presence of SCF, TPO, IL-3, and EPO.  Shown are colony 12 
numbers and the colony types assessed on day 14.  m: macrophage, n: neutrophil, E: 13 
Erythroblast, M: Megakaryocyte (classifications, see legend, Fig. 14.  (B) Proliferation 14 
ability of either LM HSCs or Cxcr4-KO HSCs in response to SDF-1 (starting from 50 15 
cells/well).  Data shown represent 3 independent experiments (n = 5).  Mean values are 16 
indicated as bars.  *P < .05.  (C) Ability of either LM HSCs or Cxcr4-KO HSCs to form 17 
cobblestone-like areas (Cbl-As) in a feeder layer of C3H10T1/2 cells (50 input cells/well).  18 
Left: Shown are numbers of areas per well evaluated on day 10 as mean values ± SD (n = 4, 19 
representative of 3 independent experiments).  **P < .01.  Right: Photo images of 20 
representative view fields are shown.  Scale bars represent 50 µm. 21 
 22 
Figure 29.  Deletion of Cxcr4 signaling in HSPCs does not compromise the BM homing 23 
ability of the cells. 24 
All loss-of-function studies used as starting materials purified HSCs harvested from either 25 
Cxcr4 conditional KO mice or their littermate control (LM) mice similarly treated with pIpC.  26 
(A) Schematic representation of HSPC homing assay with AMD3100 blockage.  A schema 27 
of homing assay using HSPCs as test cells.  KuO-expressing (KuO+), freshly isolated KSL 28 
cells were left untouched or were incubated with AMD3100 at varying concentrations for 30 29 
minutes at 37oC, washed, and infused into lethally-irradiated recipients at 10,000 cells (Test 30 
cells).  BM cells obtained from EGFP-Tg mice (EGFP+ cells; Reference cells) were 31 

77



 

 

co-transplanted intravenously at 106 cells per recipient.  In addition, one cohort of mice 1 
received PBS intraperitoneally, whereas another one received AMD3100.  Fifteen hours 2 
later, BM cells were harvested, with ~2 x 106 viable cells per recipient analyzed for numbers 3 
of KuO+ and EGFP+ cells, with these regarded as “BM-homed” cells.  (B) Assessment of 4 
BM homing ability using fresh HSPCs as test cells.  Test cells and reference cells were 5 
obtained and treated as mentioned above.  Lethally irradiated recipients received a mixture 6 
of test and reference cells.  Fifteen hours later, homing events were quantified in recipient 7 
BM as KuO+ and EGFP+ cells.  One group of mice received PBS intraperitoneally [AMD 8 
injection (-)], whereas another received AMD3100 [AMD injection (+)].  Shown are the 9 
event ratios of test cells (KuO+) to reference cells (EGFP+) as means ± SD (n = 4 for each 10 
group).   11 
 12 
Figure 30.  Loss-of-function studies support the idea that Sdf-1/Cxcr4 axis in highly 13 
purified HSCs is dispensable for the BM homing process. 14 
Tracking in vivo fates within recipient BM of reconstituting HSCs with or without Cxcr4 15 
receptors.  (A) A schema of a homing assay using HSCs as the sole test cells.  Purified 16 
HSCs from LM and KO mice were transplanted into lethally-irradiated recipients at 100 cells 17 
per mouse.  (B) The similar protocol was used as described in Fig. 20.  Shown are numbers 18 
of CFCs detected in BM of each mouse that received either LM HSCs or KO HSCs (100 cells 19 
per mouse) at day 4 (open histograms) and day 6 (closed histograms).  Data are expressed as 20 
means ± SD (n = 5, representative of 2 independent experiments). 21 
 22 
Figure 31.  Loss-of-function studies support the idea that Sdf-1/Cxcr4 axis in HSCs is 23 
important for BM repopulation. 24 
(A) A schema of a competitive repopulation assay using HSCs as test cells.  Purified HSCs 25 
were transplanted into lethally-irradiated recipients.  Each recipient mouse simultaneously 26 
received 2x105 fresh BM cells as competitor cells.  Recipient BM and PB cells were 27 
analyzed at specific time points as indicated.  (B) Donor cell chimerism in recipient BM at 28 
week 2 (open histograms) and week 3 (closed histograms) is shown as mean values ± SD (n = 29 
5, representative of 3 independent experiments).  **P < .01.  (C) Percent PB chimerism of 30 
donor cells in a competitive repopulation assay 16 weeks after transplantation.  Donor cell 31 
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chimerism was separately determined for each lineage (T cells, B cells, and myeloid cells).  1 
Shown are data represented as mean values ± SD. 2 
 3 
Figure 32.  Erk activation kinetics in 32D cells upon stimulation. 4 
Immunoblot analysis of SDF-1-mediated Erk activation kinetics in whole cell lysates obtained 5 
from 32D cells (1 x 105 cells per lane) before and after stimulation with SDF-1 (100 ng/ml) 6 
for indicated times.  pErk: blots specifically detected by anti-phospho-Erk1/2 antibody; Erk: 7 
blots reflecting endogenous levels of total Erk1/2 protein.  Note the enhanced response in 8 
WT samples in comparison with Mock cells (5 min), and the far more enhanced one in 9 
ΔC-Cxcr4-expressing cells, showing signal more intense than that in WT cells (5 min) and 10 
later sustained Erk activation evident (15 and 30 min). 11 
 12 
Figure 33.  Augmentation of Cxcr4 signaling leads to enhanced and prolonged 13 
phosphorylation of Erk in HS(P)Cs upon SDF-1 stimulation.   14 
Altered Erk activation kinetics.  Test cells were cytokine-starved and stimulated with 100 or 15 
500 ng/ml SDF-1 for the indicated times.  The amount of phosphorylated Erk was 16 
determined by flow cytometry analysis.  Top, each colored histogram represents pErk 17 
intensity at different time points upon stimulation with 100 ng/ml SDF-1.  Bottom, same as 18 
top panel except for SDF-1 concentration (500 ng/ml).  Gray histogram in each represents 19 
isotype-control.  Overlay histogram figures are shown on the right for comparison between 20 
groups.  21 
 22 
Figure 34.  Augmentation of Cxcr4 signaling has little effect on Akt activation in 23 
cultured HS(P)Cs. 24 
Cells transduced with Mock-virus (Mock) or with virus harboring either WT- (WT) or 25 
ΔC-type (ΔC) Cxcr4 were cytokine-starved for 6 hours and then were stimulated with SDF-1 26 
(100 ng/ml, top panel; 500 ng/ml, bottom panel) for the indicated times.  Phosphorylated Akt 27 
was quantitated by flow cytometry analysis using anti-phospho-Akt (Thr308) mAb.  28 
Histograms in color (green: Mock, blue: WT, red: ΔC) represent pAkt intensity, whereas 29 
shaded gray histograms show background intensity with isotype control mAb.  Right-most 30 
panel shows the overlay between groups at indicated time points.  Of note is that treatment 31 
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of cells with LY294002, a PI3 kinase inhibitor, reduced pAkt intensity to background levels 1 
(data not shown).  2 
 3 
 4 
 5 
  6 
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Tables 1 
 2 
Table 1 3 
(A) Antibodies and other markers used to sort donor HSCs/HSPCs and to detect 4 
donor-derived cells in multilineage hematopoietic analysis (biotinylated antibodies) 5 

Antigen Alternate 

name 

Clone Conjugation Catalog # Vendor 

Gr-1 Ly-6G RB6-865 Biotin 13-5931-85 eBioscience 

Mac-1 CD11b M1/70 Biotin 13-0112-85 eBioscience 

Ter119 Ly-76 TER-119 Biotin 13-5921-85 eBioscience 

CD4 Ly-4 RM4-5 Biotin 13-0042-85 eBioscience 

CD8 Ly-2 53-6.7 Biotin 100704 BioLegend 

CD45R (B220) Ly-5 RA3-7B2 Biotin 13-0452-85 eBioscience 

IL-7R CD127 A7R34 Biotin 13-1271-85 eBioscience 

IgM - II/41 Biotin 13-5790-85 eBioscience 

CD3e - 145-2C11 Biotin 13-0031-85 eBioscience 

CD19 B4 EB19-1 Biotin 13-0191-85 eBioscience 

Sca-1 Ly-6A / E D7 Biotin 553334 BD Pharmingen 

CD5  Ly-1 53-7.3 Biotin 01032D BD Pharmingen 

 6 
(B) Antibodies and reagents used to sort donor HSCs/HSPCs and to detect donor-derived 7 
cells in multilineage hematopoietic analysis 8 

Antigen Alternate 

name 

Clone Conjugation Catalog # Vendor 

CD34 - RAM34 Alexa 

Fluor700 

56-0341-82 eBioscience 

c-Kit CD117 2B8 APC 105812B BioLegend 

Sca-1 Ly-6A / E D7 PE 12-5981-83 eBioscience 

CD45.1 Ly5.1 A20 PECy7 25-0453-82 eBioscience 

CD45.2 Ly5.2 104 PB 109820 BioLegend 
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FcγR CD16 / 32 93 PE 12-0161-83 eBioscience 

Sca-1 Ly-6A / E D7 Alexa 

Fluor700 

56-5981-82 eBioscience 

IL-7R CD127 A7R34 PECy7 25-1271-82 eBioscience 

FLK2 CD135 A2F10.1 PE 561068 BD Pharmingen 

IgM - II/41 APC 17-5790-82 eBioscience 

CD43  Ly-48 S7 PE 553271 BD Pharmingen 

CD45R (B220) Ly-5 RA3-6B2 APC- 

eFluor780 

47-0452-82 eBioscience 

Gr-1 Ly-6G RB6-8C5 PE 12-5931-83 eBioscience 

Mac-1 CD11b M1/70 Alexa 

Fluor750 

27-0112-81 eBioscience 

CD34 - RAM34 FITC 110-341-85 eBioscience 

CD45.1 SJL A20 FITC 11-0453-85 eBioscience 

CD45.1 SJL A20 PB 110722 BioLegend 

CD45.2 Ly5.2 104 PerCP / Cy5.5 109829 BioLegend 

CD45.2 Ly5.2 104 PECy7 109830 BioLegend 

CD45R (B220) Ly-5 RA3-6B2 PE 12-0452-82 eBioscience 

Gr-1 Ly-6G / 

Ly-6C 

RB6-8C5 APC 108412 BioLegend 

Mac-1 CD11b M1/70 APC 17-0112-83 eBioscience 

CD4 - RM4-5 Pacific Blue 100531 BioLegend 

CD8 - 5H10 Alexa Fluor 

405 

MCD 0826 Caltag Lab. 

Streptavidin - - APC- 

eFluor780 

47-4317-82 eBioscience 

 1 
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Table 2 1 
(A) Transduction efficiency of murine HSCs 2 
Shown are %EGFP-positive cells in transduced HSCs before sorting (~72 hours after 3 
transduction).  Representative flow cytometry plots in Exp. #1 are shown in Fig 3A.  Mock: 4 
Mock vector-transduction, WT: WT-Cxcr4-transduction, ΔC: ΔC-Cxcr4-transduction.  5 

 Mock WT ΔC 

Experiment #1 88.3 80.8 82.5 

Experiment #2 89.2 83.2 84.4 

Experiment #3 94.4 84.6 76.8 

Experiment #4 87.9 61.3 64.1 

Experiment #5 91.9 84.0 82.6 

 6 
(B) Retention of EGFP reporter expression in donor cells after transplantation 7 
Shown are %EGFP-positive cells (mean ± SD) in donor-type PB leukocytes analyzed in mice 8 
that received transduced and EGFP+-sorted HS(P)Cs in a series of competitive repopulation 9 
assays.  Numbers of mice are shown in parentheses.  Times of analysis are indicated as 10 
weeks (wks) after transplantation.  11 

 wks Mock WT ΔC 

Transplantation #1 16 87.1 ± 21.6 (10) 77.1 ± 18.2 (7) 87.3 ± 13.1 (9) 

Transplantation #2 12 94.8 ± 7.0 (7) 69.6 ± 19.0 (7) 75.9 ± 14.0 (8) 

Transplantation #3 20 96.4 ± 3.4 (5) 80.4 ± 22.6 (5) 94.5 ± 4.2 (5) 

  12 
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