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Abstract 

Hematopoiesis, the life-long process of blood cell production, is maintained through the 

coordinated division and differentiation of specialized, pluripotent hematopoietic stem cells 

(HSC). For most of life, HSC reside in bone marrow, where they are maintained in ‘niches’ by 

the cells of the hematopoietic microenvironment. These niches are thought to help maintain the 

HSC pool by tightly regulating stem cell quiescence and supporting self-renewal.  

The human hematopoietic system produces about 500 billion cells each day. And 

amazingly, blood cell production can increase to offset demand after hemorrhage or infection. 

As a consequence of its high rate of cellular production, the hematopoietic system is very 

sensitive to cytotoxic therapies. Ionizing radiation and chemotherapy cause direct injury to HSC 

through DNA damage and cellular oxidative stress. Epidemiologic and mechanistic studies both 

show that extensive hematopoietic injury from cytotoxic agents is linked to developing bone 

failure syndromes or hematologic malignancies. 

Our knowledge of the niches that maintain HSC has improved substantially in the last 

10-15 years. The majority of investigators have shown that HSC reside in perivascular niches. 

Vascular endothelial cells (EC) are integral niche components that promote HSC retention and 

survival. Moreover, vascular EC are necessary and sufficient for hematopoietic regeneration 

after bone marrow injury. Therefore, identifying the factors EC utilize to maintain and regenerate 

HSC could lead to improved therapies.  

The overall purpose of this research is to understand the mechanisms of endothelial-

dependent HSC regeneration. Chapters 3 and 4 of this dissertation present the work I have 

done toward identifying both mechanisms and mediators of vascular EC support for HSC. The 

studies presented in Chapter 3 introduce a co-culture system we established to measure HSC 

regeneration by vascular EC. We showed that EC isolated from the aorta can promote the ex 

vivo regeneration and repair of self-renewing HSC with long-term multi-lineage repopulating 

capacity. 
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In Chapter 4, I extended these findings to identify growth factor mediators of HSC 

regeneration. Relative to aorta-derived EC, umbilical vein-derived EC were found to regenerate 

HSC poorly. Therefore, we used the transcriptomes of these EC subtypes to identify both 

positive and negative regulators. Transforming growth factor-β1 (TGF-β1), which is a key factor 

within the quiescent HSC niche and highly elevated in injured bone marrow, completely 

abolished EC-dependent HSC regeneration and led to a depletion of long-term HSC. These 

experimental results also uncovered a novel EC-autonomous role for TGF-β1 in suppressing 

HSC regeneration, indicating that TGF-β1 can participate in an autocrine EC loop. In an attempt 

to enhance HSC regeneration, several factors were identified as candidates. Hepatocyte growth 

factor strongly enhanced the regeneration of long-term, multi-lineage repopulating HSC when 

added to EC-bone marrow cell co-cultures. Mechanistically, HGF activated c-MET on EC, which 

interfered with TGF-β--Smad2/3 signaling and increased endothelial AKT activation. 

Together, these data contribute to the growing knowledge of vascular EC as mediators 

of HSC regeneration. They indicate that EC-derived TGF-β1 exerts potent suppressive effects 

on hematopoietic regeneration, part of which is mediated directly through vascular EC. 

Furthermore, I have generated direct data indicating that growth factors such as HGF can be 

used to target EC and enhance hematopoietic regeneration. Ideally, these results could be used 

in the future to inform the implementation of new therapies for HSC transplantation or 

hematologic malignancies. This work also emphasizes the importance of vascular function in 

stem cell health which may have multi-system applications for study in stem cell aging, disease, 

and regeneration. 
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Part 1: Introduction 

Hematopoiesis is the process of blood cell production that occurs through the regulated 

division and differentiation of somatic, pluripotent stem cells known as hematopoietic stem cells 

(HSC). Blood cells serve a broad range of vital functions including oxygen delivery, hemostasis, 

and host defense. Furthermore, disorders of hematopoiesis have widespread effects throughout 

the body, and can influence a variety of disease states. Therefore, hematopoiesis is of central 

importance for human health. 

Blood cells must continually be replenished throughout life. Adult human hematopoiesis 

produces 500 billion cells/day at steady state (Fliedner et al., 2002), and hematopoietic demand 

can rapidly increase due to infection, hemorrhage, or treatment with cytotoxic therapies. 

Importantly, chemotherapy and exposure to ionizing radiation induce HSC damage and 

dysfunction, resulting in life-threatening cytopenias and increasing the risk of developing bone 

marrow failure and hematopoietic malignances. Damage to the hematopoietic system 

sometimes requires transfusions and cytokine therapy. Severe damage is often curable only 

with allogeneic HSC transplantation. Despite their importance, the current therapies for 

hematopoietic injury are limited. Therefore, improving the repair of HSC and regeneration of 

hematopoiesis is an unmet clinical need. This chapter has three purposes: 

• Provide an overview of hematopoiesis and the biology of HSC. 

• Describe the pathophysiology of bone marrow injury from ionizing radiation and 

chemotherapy. 

• Discuss standard of care treatments for hematopoietic injury and their current limitations. 
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Part 2: Origins of hematopoiesis and the biology of the hematopoietic stem cells 

 

Ontogeny of Hematopoiesis 

Primitive and definitive hematopoiesis. Two major waves of hematopoiesis occur in mammalian 

development, both originating from the primitive streak (Figure 1-1a). The first emergence of 

hematopoietic cells is during the early streak stage, when cells of the posterior streak migrate 

ventrally to the yolk sac to form the extraembyronic mesoderm and allantois (Dzierzak and 

Speck, 2008). Blood production from these sites marks the onset of primitive hematopoiesis, in 

which the extraembryonic blood-forming cells, known as hemangioblasts, are multipotent 

precursors of hematopoietic, endothelial, and smooth muscle cells. At this stage, 

hemangioblasts express markers of both mesodermal (Brachyury) and endothelial (vascular 

endothelial growth factor receptor-2/VEGFR2) cell lineages (Dzierzak and Speck, 2008), and 

produce erythroid and primitive myeloid cells, but not HSC. 

The transition from primitive to definitive hematopoiesis occurs through three additional 

sub-stages marked by the appearance of new types of blood cells. These extra stages are 

described as the pro-definitive, meso-definitive, meta-definitive stages, and are punctuated by 

the appearance of myeloerythroid progenitors, lymphoid progenitors, and CD34+c-Kit+ ‘neonatal 

repopulating’ HSC, respectively (Dzierzak and Speck, 2008). 

The definitive phase of hematopoiesis begins independently in mesodermal precursors 

that arise from the mid-late stage primitive streak. These cells migrate ventrally from the 

primitive streak and contribute to the formation of the axial, paraxial, and lateral mesoderm in 

the rostral and trunk regions of the embryo (Dzierzak and Speck, 2008). Subsequent 

development of this mesoderm in the para-aortic splanchnopleura gives rise to the aorta-

gonado-mesonephros (AGM) region, which contains the committed precursors to adult HSC. 
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Cells within the AGM begin to express a variety of endothelial and hematopoietic markers and 

migrate to the ventral aspect of the developing dorsal aorta, where they integrate with the 

vascular wall and adopt endothelial cell morphology (Dzierzak and Speck, 2008).   

 

Vascular origins of adult HSC. Most definitive hematopoiesis begins in hemogenic endothelium 

in the dorsal aorta (Figure 1-1b). HSC were first observed budding from hemogenic endothelium 

in the dorsal aorta of chick embryos by Florence Sabin in 1917 [republished as (Sabin, 2002)]. 

Further studies used labeling of aortic endothelium in the chick embryo prior to the onset of 

HSC appearance to show that circulating hematopoietic cells retain the fluorescent dyes initially 

injected into vessels (Jaffredo et al., 1998). More recently, improved lineage tracing and live 

imaging techniques have allowed the direct visualization of emerging HSCs in zebrafish and 

mouse embryos (Bertrand et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010; Zovein 

et al., 2008). In a process that is dependent on Notch signaling though the master 

hematopoietic transcription factor runt-related transcription factor 1 (Runx1) (Chen et al., 2009), 

vascular endothelial cells at the ventral surface of the aorta begin to downregulate endothelial 

markers such as vascular endothelial growth factor receptor (Vegfr, also Kdrl) and vascular 

endothelial cadherin protein (VE-Cadherin; Cdh5), and begin to express the pan-hematopoietic 

marker, CD45 (Bertrand et al., 2010).  

In addition to the dorsal aorta, definitive HSC have been observed to arise in hemogenic 

endothelium in the yolk sac and placenta, as well as the umbilical and vitelline arteries (Orkin 

and Zon, 2008). Time course studies indicate that these HSC arise autonomously, rather than 

migrating from the dorsal aorta (Dzierzak and Speck, 2008). Together, circulating HSC derived 

from these sites begin to populate the fetal liver, where they undergo cycles of expansion along 

a growing hepatic vasculature (Khan et al., 2016). Following vascularization of the marrow 
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cavity at E15-17 fetal liver HSC migrate to the bone marrow, the principal site of hematopoiesis 

during adult life. 

 

Hematopoietic Stem Cell Biology 

Functional and phenotypic identification of HSC. Definitive HSC are specialized, pluripotent 

stem cells possessing the capacity to reconstitute the entirety of hematopoiesis while retaining 

the ability to self-renew. Pioneering studies by Till & McCulloch led to the concept of a self-

renewing HSC that gave rise to a hierarchy of progressively differentiated blood cells 

(McCulloch and Till, 1960; Till and McCulloch, 1961). When infused with a protective dose of 

bone marrow cells, lethally irradiated hosts developed discrete nodules on the surface of their 

spleens after 10-14 days (Till and McCulloch, 1961). These spleen colony forming units (CFU-

S12) were shown to be derived from a single founder clone (Becker et al., 1963) and contained 

donor-derived hematopoietic cell types of mixed myeloerythroid lineages (Wu et al., 1967). 

Importantly, the clones forming CFU-S12 colonies could be isolated and secondarily transplanted 

to form spleen colonies in irradiated hosts (Siminovitch et al., 1963). The latter finding led to the 

model that blood cell formation was hierarchical and mediated by a self-renewing, pluripotent 

pool of stem cells [reviewed by (Eaves, 2015)]. Since this discovery, our knowledge of HSC 

biology has vastly expanded based on (1) our ability to purify homogenous cell populations on 

the basis of surface marker expression or biochemical characteristics, and (2) improvements in 

the specificity of functional assays.  

The identification and characterization of HSC has been guided by the use of in vitro and 

in vivo functional assays to assess the hematopoietic potential within a defined population of 

cells. As discussed above, the first HSC were found by bone marrow transplantation and 

subsequent investigation of the CFU-S12. The ability of hematopoietic stem and progenitor cells 
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(HSPC) to form clonal outgrowth colonies (colony forming unit cells, CFU-C) has led to the 

development of several types of in vitro assays to measure HSPC function. In contrast to CFU-

S12, in vitro colony formation utilizes semisolid methylcellulose medium supplemented with 

growth factors that support the clonal outgrowth of HSPC (van Os et al., 2008). Notably, the 

CFU-C is primarily a measure of progenitor cell activity as HSC will differentiate throughout the 

culture period. Therefore, more sensitive in vitro assays have been developed as in vitro 

surrogates for HSC activity. 

Two long-term culture assays have been utilized in attempt to better identify HSC in vitro 

(van Os et al., 2008). The cobblestone area forming cell (CAFC) and long term colony-initiating 

cell (LTC-IC) assays are performed by culturing HSC-containing populations of cells for 5-6 

weeks in direct contact with a stromal feeder layer. At the end of the culture period, a CAFC 

assay will enumerate HSC on the basis of “cobblestones” – clumps of 5-6 non-refractive cells 

that appear beneath the stromal layer, which are burrowing HSC – and the number of these 

CAFC correlates with CFU-C, CFU-S12, and hematopoietic repopulation potential in vivo. The 

LTC-IC assay is carried out similarly; cultures are harvested and replated in methylcellulose. 

However, in this assay the formation colonies is dependent on the functional potential of HSC 

surviving long-term culture, which subsequently give rise to amplifying progenitor cells in 

methylcellulose (van Os et al., 2008). 

The gold standard for identifying a functional HSC requires showing their long-term, 

multi-lineage hematopoietic potential in vivo, as well as the capacity to self-renew (Eaves, 

2015). To test this, Hematopoietic Stem Cell Transplantation (HSCT) is performed. A variety of 

transplantation strategies are employed which differ in their characteristics with respect to 

recipient conditioning, mode of transplantation, and measurement of transplanted cell function. 

The general HSCT model involves total bone marrow ablation of recipients through lethal 

irradiation, followed by intravenous infusion of cells containing putative HSC. A small but life-
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saving ‘carrier’ dose of bone marrow is often co-transplanted with the test population to ensure 

the recipient is able to meet blood production demands while donor HSC engraft. Donor mice 

that are congenic to recipients (derived from the same inbred strain, but variant for a particular 

marker gene) are often used for transplantation studies to distinguish donor from host cells 

through specific CD45 isoform or GFP expression. To determine long-term multi-lineage 

hematopoietic reconstitution, donor-derived contribution to peripheral leukocytes is measured at 

regular (usually 4 week) intervals following transplantation. An overall engraftment of ≥1% is 

typically used to establish donor chimerism (Eaves, 2015). To determine multi-lineage potential, 

leukocytes are isolated from peripheral blood, labeled with antibodies to detect myeloid, B cell, 

and T cell subsets, and measured by flow cytometry. Demonstrating self-renewal potential is the 

second requirement for the functional identification of HSC. This is done through serial 

transplantation with the demonstration of donor-derived long-term multi-lineage hematopoietic 

reconstitution in secondary recipients. Therefore, bona fide HSC are identified only 

retrospectively, through their ability to provide ≥16 weeks of multi-lineage hematopoiesis 

through at least two rounds of transplantation (Eaves 2015).  

Based on the outcomes of functional assays described above, cellular surface marker 

combinations have been developed to identify HSC using flow cytometry or 

immunocytochemistry. The HSPC fraction can be enriched by selecting cells that do not 

express the markers of mature hematopoietic lineages (Linlo/- cells). In the Black-6 mouse strain, 

a mixture of short-term (ST) and long-term (LT) repopulating HSC can be further enriched within 

the Linlo/- population on the basis of stem cell antigen 1 (Sca-1) and CD117 (c-Kit) expression 

(Linlo/-Sca-1+c-Kit+; LSK cells) (Okada et al., 1992). Additional strategies are used to further 

subdivide LSK cells and enumerate phenotypic LT-HSC. The most common approach utilizes 

expression patterns of the signaling lymphocyte activation molecule (SLAM) antigens CD150 

and CD48 on LSK cells. Single cell transplantation assays have shown that 1 in 2 CD150+CD48-
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LSK cells are multi-lineage, serially repopulating HSC (Kiel et al., 2005b; Oguro et al., 2013). 

Notably, CD150-LSK cells define a pool of multipotent progenitor cells (MPP), which are able to 

provide 12 weeks of peripheral blood reconstitution in primary transplant recipients, but are not 

self-renewing HSC (Kiel and Morrison 2005). Alternatively, LT-HSC are identifiable based on 

their CD34-Flt3-LSK cell phenotype (Osawa et al., 1996) or from biochemical properties such as 

Hoechst dye efflux (“side population” HSC) (Goodell et al., 1996). Throughout Chapters 3 and 4 

of this dissertation the SLAM-HSC designations, CD150+LSK or CD150+CD48-LSK, are used to 

define phenotypic HSC. Despite similarities in function, human LT-HSC do not express the 

same markers as mouse LT-HSC.  Human HSC are enriched in CD34+ hematopoietic cells, and 

LT-HSC can be further fractionated from more differentiated CD34+ based on their expression of 

other cell surface markers including CD38 [reviewed by (Doulatov et al., 2012).  

 

Properties of HSC and regulation of HSC activity. Improvements in the phenotypic and 

functional identification of LT-HSC have led to a better understanding of their properties and 

regulation. Under normal conditions, LT-HSC comprise approximately 0.005% of total murine 

bone marrow cells, which equates to a pool of approximately 3,000 LT-HSC at steady state 

(Eaves, 2015; Oguro et al., 2013). Analysis of the cell cycle status of LT-HSC has revealed that 

over 90% are quiescent in vivo (Oguro et al., 2013; Wilson et al., 2008). Estimates of HSC 

cycling rates using label retention assays have suggested that the most dormant HSC divide 

from as frequently as every 57 days (Chesier, Morrison et al. 1999) to as seldom as 5 times in 

the lifetime of a mouse (Wilson et al., 2008). Importantly, HSC can be induced into cell cycle 

entry by several stimuli, including stimulatory cytokines and acute loss of blood cells (Baldridge 

et al., 2010; Cheshier et al., 2007; Wilson et al., 2008). Therefore, although most LT-HSC are 

dormant at steady state, they possess the capacity to rapidly proliferate and dramatically 

expand in response to increased hematopoietic demand. This is particularly evident in the case 
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of human allogeneic HSCT, where <5% of the donor’s HSC pool has the capacity to engraft and 

provide long-term hematopoiesis in some patients for more than 40 years. 

As discussed above, the hallmark properties of HSC are their abilities to repopulate the 

entirety of the hematopoietic system and to self-renew. Although normally quiescent, when they 

do divide HSC make cell fate choices that result in three types of outcomes: Self-renewing 

divisions can be symmetric and result in two daughter HSCs, or asymmetric and produce a 

single daughter HSC and a second daughter cell that will differentiate. Alternatively, non-self-

renewing division results in two daughter cells lacking HSC properties (Morrison and Kimble, 

2006). Although the mechanisms of HSC self-renewal potential are not completely understood, 

in general self-renewal is considered to be an intrinsic property of HSC that is modifiable by 

extrinsic factors. Several classes of intrinsic and extrinsic regulators have been identified that 

influence HSC self-renewal potential, including growth factors and chemical modulators, cell 

cycle regulators, transcription factors and chromatin-associated factors [reviewed by (Zon, 

2008)].  

The differentiation of HSC to hematopoietic progenitor cells and mature blood cells is a 

highly regulated and complex process. Generally, hematopoietic differentiation occurs through 

transcriptional and epigenetic modifications in HSC daughter cells that restrict self-renewal 

potential and promote lineage specification (Figure 1-2a) (Alvarez-Errico et al., 2015). A detailed 

description of the mechanisms of mediators of hematopoietic differentiation is beyond the scope 

of this overview. However, a recent paradigm shift in the way we view hematopoietic 

differentiation has occurred and is worth brief discussion (Mercier and Scadden, 2015; Schultze 

and Beyer, 2016).  

The classic model of HSC differentiation placed LT-HSC and ST-HSC at the apex of a 

hierarchy of hematopoietic cells (Figure 1-2b). The production of blood cells occurred through 
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the gradual commitment of progenitor cells to more and more specific compartments within the 

hematopoietic tree. For example, in this model, ST-HSC division resulted in the production of 

common myeloid cells (CMP), and common lymphoid cells (CLP), each of which were restricted 

to their respective branch of the hematopoietic tree, but had the capacity to produce all myeloid 

or lymphoid cells, respectively. Only when CMPs and CLPs divided did they subspecialize in to 

more restricted progenitor cells. Contrary to this classical view, in the new model of 

hematopoietic differentiation (Figure 1-2b), lineage commitment occurs much earlier at the 

multipotent progenitor stage (Notta et al., 2016; Paul et al., 2015; Perie et al., 2015). This 

paradigm shift has been suggested through single cell functional and transcriptome studies. 

Lineage tracing demonstrated that hematopoietic progenitor cells previously thought to be 

multipotent, such as CMPs, have very restricted potentials when their differentiation is tracked in 

vivo at single cell resolution (Perie et al., 2015). Likewise, analysis of global gene expression in 

individual cells within multipotent populations such as CMP demonstrated that subpopulations of 

cells expressing highly lineage-restricted transcription programs (Paul et al., 2015). Indeed, the 

concept of ‘lineage priming’ – in which HSC transiently express transcriptional programs of 

committed hematopoietic cells that biases their differentiation potential – has been studied over 

the last two decades (Orkin, 2003; van Galen et al., 2014; Ye et al., 2003). Therefore the new 

model, in which HSCs and MPPs differentiate into progenitors with very limited hematopoietic 

potential, suggests that lineage priming may play an important role in the restricted fate of 

hematopoietic progenitors. 

In summary, the study of hematopoiesis and HSC has a rich history built on the study of 

model organisms and advancements in technology, which have fueled the identification and 

functional testing of candidate HSC. Hematopoiesis begins early in development and definitive 

HSC have the incredible task of producing all blood cells for the remainder of life. In the adult, 

HSC are not homogenous and represent a pool of pluripotent cells with differential lineage 



11	  
	  

biases and self-renewal potentials that are dependent on both intrinsic and extrinsic regulation. 

The process of hematopoietic differentiation is tightly regulated and results in massive 

expansion of hematopoietic cells in the bone marrow, which perform vital and specialized 

functions throughout the body. 
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Part 3: Pathophysiology and consequences of hematopoietic injury 

Effects of Ionizing Radiation and Chemotherapy on Hematopoiesis 

As a consequence of its constant production of new blood cells, the hematopoietic 

system is sensitive to any insult that targets cell proliferation. The effects of radiation and 

chemotherapy on hematopoiesis were discovered independently, but both strongly suppress 

hematopoiesis by depleting progenitor cells and injuring HSC. Interestingly, the effects of 

chemotherapy on hematopoiesis were observed long before its use as a cancer therapy. French 

scientists associated mustard gas poisoning in World War I soldiers with rapid declines in 

leukocytes, and this later led to the idea that β-chloroethyl amines could be used as a therapy 

for a variety of lymphoid neoplasms (Gilman and Philips, 1946; Goodman et al., 1946).  The 

effects of ionizing radiation on hematopoiesis were uncovered following the discovery of X-Rays 

by Wilhelm Röntgen at the end of the 19th century. The later harnessing of nuclear power for 

war and energy has led to the occurrence of the Acute Radiation Syndromes (ARS) affecting 

bone marrow, gastrointestinal, and cerebrovascular function (Waselenko et al., 2004). 

Dosimetry studies have defined dose-response relationships for each type of ARS, and the 

hematopoietic system is most sensitive showing suppressive effects at doses as little as 1.0 Gy. 

Currently, the most frequent cause of hematopoietic injury from radiation or chemotherapy 

occurs in patients receiving cancer therapies. However, radiation-induced ARS has also been a 

very serious consequence of catastrophic nuclear events including the disasters in Chernobyl 

and Fukushima; and unfortunately continues to be a worldwide terrorism threat. These sections 

explain in detail the effects of chemotherapy and ionizing radiation on hematopoiesis and HSC. 

 

Cytopenias from progenitor cell depletion. The kinetics of hematologic suppression induced by 

ionizing radiation and chemotherapy have been studied in animal models and in human 
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patients. The effects these insults have on hematologic parameters are both dose and lineage-

dependent (Fliedner et al., 2002). Within the myeloerythroid lineage, exposure to ionizing 

radiation is associated with a gradual decline in erythrocytes and a rapid decline in platelets and 

neutrophils. Committed myeloid progenitors surviving the initial injury will produce a wave of 

neutrophils that spikes within the first 2-4 days after irradiation. This is followed by a nadir of 

myeloid cell production lasting 1-3 weeks (Plett et al., 2012). In certain cases, a short burst of 

myelopoiesis termed “abortive recovery” occurs, which is attributed to the last rounds of injured 

HSC division and differentiation prior to their entry into senescence (Fliedner et al., 2002). 

Lymphoid cells are also damaged by cytotoxic therapies. Declines in lymphocyte numbers in the 

blood occur within days, and absolute lymphocyte counts will remain low for several weeks 

following the initial exposure. Lymphopenias resulting from ionizing radiation exposure are 

longer lasting than the associated myeloid cytopenias (Plett et al., 2012). In addition to 

cytopenias, after radiation exposure atypical cells are also apparent in a blood smear or bone 

marrow specimens, including binucleated cells, cells with karyomeres, or giant cells formed from 

defects in cytokinesis (Fliedner et al., 2002). Therefore cytotoxic agents have effects on all arms 

of the hematopoietic system, inducing cytopenias through progenitor cell depletion and 

dysfunction. 

 

HSC in stress hematopoiesis. Depletions within the progenitor pool also induce a substantial 

proportion of HSC into cell cycle. Both progenitor cell depletion through either 5-FU treatment or 

administration of G-CSF result in a 8-10 fold decline in BrdU label retaining HSC in mouse bone 

marrow (Wilson et al., 2008).  Loss of HSC labeling with BrdU occurred concomitantly with 

significant reductions in the HSC G0 fraction and increases in the S/G2/M fraction (Wilson & 

Laurenti, 2008). These effects are similar to stress hematopoiesis induced by a severe infection 

or hemorrhage (Baldridge et al., 2010; Cheshier et al., 2007). Stress hematopoiesis involves an 
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orchestrated response in HSC, progenitors and the bone marrow microenvironment after 

significant bone marrow injury (Zhao and Baltimore, 2015). Evidence exists that prolonged HSC 

cycling in the setting of persistent stress hematopoiesis can result in a predisposition for the 

development of hematologic disease (Anderson et al., 2009; Hasselbalch, 2012; Kristinsson et 

al., 2011). Therefore, the stress hematopoiesis response of HSC after hematopoietic injury may 

also result in long-term HSC damage and dysfunction. 

 

Mechanisms of HSC injury 

 In addition to the replicative demand placed on HSC during hematopoietic regeneration, 

chemotherapy and ionizing radiation also directly injure HSC. The primary biochemical 

mechanisms by which radiation and chemotherapy cause HSC injury are DNA damage and 

cellular oxidative stress (Meng et al., 2003a; Wang et al., 2006; Zhang et al., 2013b). 

 

DNA Double Strand Breaks (DSBs). Several types of DNA damage can occur as a result of 

ionizing radiation (Azzam et al., 2012). These include base modifications by oxidation, 

depurination or depryimidination, cross-linking, or DNA strand breaks (Shao et al., 2014). Of all 

the cellular injuries that chemotherapy and radiation can cause to HSC, double stranded DNA 

breaks (DSB) represent the most catastrophic because they result in chromosomal 

fragmentation that, if unresolved or improperly repaired can lead to translocations, large 

deletions, or the induction of apoptosis (Ceccaldi et al., 2016). High-dose irradiation can directly 

induce strand breakage (Azzam et al., 2012); however, DNA alkylating or cross-linking agents 

as well as functional group oxidation induce stalled replication forks, which in the absence of 

efficient repair can ultimately progress to single strand breaks or DSBs. DNA damage is 

constantly occurring at low frequency in dividing and non-dividing cells; therefore, elaborate 
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DNA damage sensing and repair mechanisms have evolved and these are highly utilized by 

HSC (Lindahl and Barnes, 2000). The response to DNA damage can result in variable 

outcomes for the cell depending on the degree of damage and the ability of cellular repair 

pathways to be activated. These include activation of DNA repair machinery leading to repair, 

temporary or permanent inhibition of the cell cycle, and the initiation of apoptosis (Jackson and 

Bartek, 2009).  

HSC depend on highly functional repair systems during both steady state hematopoiesis 

and hematopoietic regeneration. Dormant HSC have been shown to accumulate DNA damage 

throughout life, which can be repaired upon entry into the cell cycle (Beerman et al., 2014); 

however, DNA damage accrual limits HSC self-renewal potential with aging (Rossi et al., 2007). 

Furthermore, heritable mutations in the Fanconi Anemia genes involved in DNA repair  result in 

compromised hematopoiesis early in life (Moldovan and D'Andrea, 2009). The readiness of 

HSC to repair DNA damage in response to injury is a unique property amongst hematopoietic 

cells. Passague’s group showed that DNA repair pathways are preferentially activated in HSC 

relative to hematopoietic progenitors after low dose (3 Gy) ex vivo irradiation. In contrast to 

progenitor cells, which undergo apoptosis in response to irradiation, HSC downregulated the 

apoptotic pathway and activated DNA damage repair machinery (Mohrin et al., 2010). 

Furthermore, these investigators went on to show that quiescent HSC utilize a different type of 

DSB repair (non-homologous end joining; NHEJ) relative to cycling HSC (homology directed 

repair; HDR). This is a notable finding because NHEJ is an inherently error-prone DNA repair 

process (Lieber, 2010) and can result in lasting mutations, whereas the coupling of HDR to the 

cell cycle allows HSC to utilize a sister chromatid as a template for error-free repair (Jasin and 

Rothstein, 2013). Mohrin et al. showed that pre-stimulating HSC to enter the cell cycle prior to 

irradiation increases the utilization of HDR and reduces chromosomal abnormalities in surviving 

cells (Mohrin et al., 2010). The switch from NHEJ to HDR has also recently been found to 
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improve HSC survival in Fanconi Anemia (Zhang et al., 2016). Therefore, DNA damage repair is 

an essential process during normal HSC function and hematopoietic regeneration. The use of 

HDR in cycling HSC appears to promote the best response to injury by maximizing survival and 

minimizing the likelihood of long-lasting chromosomal aberrations. 

 

Oxidative stress.  A second major type of cellular injury induced by ionizing radiation and 

chemotherapy is free radical injury. In addition to the increased metabolic demands placed on 

HSC after progenitor cell ablation, ionizing radiation also creates free radicals through the 

radiolysis of water (Azzam et al., 2012), which react with cellular elements to produce reactive 

oxygen and nitrogen species (ROS and RNS, respectively). ROS and RNS damage can cause 

macromolecular damage including DNA and lipid peroxidation as well as protein cross-linking by 

aldehyde lipid peroxidation products (Maier et al., 2010). Furthermore, radiation exposure has 

been shown to increase the expression of the pro-oxidant enzyme, NADPH oxidase-4 in HSC 

(Wang et al., 2006). Radiation-induced oxidative stress damages macromolecules and can 

contribute to long-term DNA damage resulting in the restriction of HSC self-renewal potential 

(Yahata et al., 2011). In support of this, administration of the antioxidant and sirtuin activator, 

resveratrol, has been shown to reverse long-term HSC damage and dysfunction after injury 

(Zhang et al., 2013b).  

Regulators of redox balance are important for HSC function. Ito et al. showed that HSC 

lacking the damage sensor ATM have increased ROS and reduced transplantation potential (Ito 

et al., 2004). In this setting, increased p38 MAPK activation induces HSC senescence through 

the upregulation of cell cycle inhibitors p16Ink4a and p19Arf, effects that can be reversed by 

antioxidant (N-acetylcysteine) administration (Ito et al., 2006). The forkhead homeobox type O 

(FOXO) group of transcription factors also regulate redox balance in HSC. A deficiency of 
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FOXO3A leads to increased ROS, reduced antioxidant enzyme gene expression, and 

reductions in HSC quiescence and repopulating potential (Tothova et al., 2007). Other 

investigators have shown that ROS, which are normally sensed in the cell as second 

messengers (Urao and Ushio-Fukai, 2013), are responsive to growth factors that induce 

hematopoietic differentiation (Sattler et al., 1999). Therefore, supraphysiologic levels of ROS 

induced by ionizing radiation have detrimental effects on HSC function. If not properly handled 

by the damage sensing and response systems these injuries can result in aberrant HSC cell 

cycling and differentiation, loss of self-renewal potential, or apoptosis. 

 

Bystander injury. There is some evidence that hematopoietic dysfunction can occur in non-

irradiated HSC that enter or are exposed to an irradiated microenvironment. This phenomenon 

is known as the bystander effect and can occur through proximity interactions between non-

irradiated and irradiated cells, or by soluble factors that act over longer distances (Morgan and 

Sowa, 2007). HSC transplanted into mice receiving 10 Gy ionizing radiation 24h prior to 

transplantation showed increased levels of apoptosis, reduced c-Kit expression, and increased 

ROS (Shen et al., 2012). Watson et al. utilized another approach by which both irradiated and 

non-irradiated HSC were transplanted simultaneously into irradiated hosts. In comparison with 

pure populations of non-irradiated, transplanted HSC, the mixed transplants showed that non-

irradiated HSC acquired chromosomal abnormalities at a frequency of 2-3%, which was not 

significantly different from irradiated transplanted HSC but was significantly greater than the 

0.4% frequency of aberrations in non-irradiated transplanted HSC (Watson et al., 2000). These 

data provide evidence of a bystander effect in which HSC entering an irradiated 

microenvironment incur the same types of damage that limit their long term function following 

direct cytotoxic exposure. 
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Long term consequences on hematopoiesis and HSC function 

The effects of HSC injury from ionizing radiation and chemotherapy are not transient. In 

fact both chemotherapy and irradiation have been associated with impaired long-term 

hematopoietic function and a predisposition to hematologic disease. 

 

Loss of HSC self-renewal potential. Long-term HSC damage and dysfunction due to both 

chemotherapy and irradiation have been documented in rodents and humans (Chua et al., 

2012; Meng et al., 2003a; Meng et al., 2003b; Wang et al., 2012; Wang et al., 2010; Wang et 

al., 2006; Yahata et al., 2011). As discussed extensively in the last section, injured HSC have 

higher levels of ROS and oxidative DNA damage markers, which results in a reduction in the 

quiescent HSC pool, and upregulation of cell cycle inhibitors in response to aberrant HSC 

cycling, and premature HSC senescence. These changes are associated with reduced 

hematopoietic colony formation and impaired HSC engraftment following transplantation.  

 

Risk for developing hematologic disorders. In addition to limiting their long term function, the 

damage incurred by HSC after cytotoxic exposures can increase the risk for developing future 

hematologic disorders (Bhatia, 2013). Epidemiologic studies have demonstrated that survivors 

from Hiroshima and Nagasaki, as well as workers from Chernobyl, have a significantly elevated 

incidence of hematologic malignancies (Kesminiene et al., 2008; Tsushima et al., 2012). Cancer 

patients receiving chemotherapy and radiation are also at approximately 5-fold increased risk 

for therapy related hematologic disorders (Morton et al., 2013). 
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Overall, ionizing radiation and chemotherapy are highly detrimental to hematopoiesis 

and HSC function primarily through the induction of oxidative stress and DNA damage. Although 

the hematopoietic system is well poised to buffer the effects of naturally occurring stress 

hematopoiesis, cytotoxic agents can disrupt hematopoiesis to such a degree that prolonged, 

life-threatening cytopenias and bone marrow failure can occur. The next section of this chapter 

will focus on the treatments available for hematopoietic injury from radiation/chemotherapy and 

their limitations. 

 

 

Cytokine therapy for hematopoietic injury 

 The vital functions of blood cells make HSC injury and hematopoietic suppression a 

serious clinical concern. Specifically, patients with suppressed hematopoietic systems are at 

risk for life-threatening anemia and bacterial infections [reviewed by (Dainiak, 2010)]. Therapies 

utilizing hematopoietic cytokines can improve blood cell production but are limited in their 

potency and specificity. This section provides an overview on hematopoietic cytokine therapy, 

with a focus on granulocyte colony stimulating factor (G-CSF).  

 

Discovery and use of hematopoietic cytokines. The concept of hematopoietic cytokines 

introduced when patients with anemia were found to have elevated urine levels of a factor that 

could stimulate erythrocyte production in rats (Plzak et al., 1955). This led to the later discovery 

and purification of erythropoietin (EPO) (Miyake et al., 1977). The development of in vitro CFU 

assays for hematopoietic progenitors (Bradley and Metcalf, 1966) later allowed Metcalf et al. to 

purify G-CSF, a hematopoietic cytokine that greatly enhanced the production of neutrophils 
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(Metcalf and Nicola, 1983). The discoveries of EPO and G-CSF were significant because they 

could be used to counteract chemotherapy-associated anemia and neutropenia, respectively, at 

the HSPC level. Prior to this, therapies to counteract cytopenias were limited to red blood cell 

transfusions that can cause iron overload, and could not protect patients from life-threatening 

bacterial infections (Bronchud et al., 1987). Consequently, both EPO and G-CSF have become 

mainstay therapies for hematopoietic injury from chemotherapy and ionizing radiation [reviewed 

by (Bendall and Bradstock, 2014; Dainiak, 2010)].  

 Hematopoietic cytokines other than EPO and G-CSF have been investigated as 

potential therapies, but have not been as efficacious. Both interleukin 7 (IL-7) and 

thrombopoietin (TPO) have been administered in attempt to enhance lymphocyte and 

megakaryocyte differentiation, respectively (Dainiak, 2010; Herodin and Drouet, 2005). Some 

patients develop paradoxical thrombocytopenia through the production of TPO-neutralizing 

antibodies (Li et al., 2001). The discovery that irradiation induces apoptosis in HSC led to the 

use of stem and progenitor cell-targeted cytokine therapy with interleukin 3 (IL-3), stem cell 

factor (SCF), and FMS-like tyrosine kinase (Flt)-3-Ligand (Dainiak, 2010). These therapies have 

even been attempted after a 24 h delay, which in theory allows injured HSPC time to react to 

injury prior to being stimulated (Herodin and Drouet, 2005). In addition, several other non-

cytokine factors have been identified that  promote hematologic recovery, including certain 

androgens, angiotensin converting enzyme inhibitors or angiotensin II receptor blockers, and 

hyaluronic acid (presumed to influence extracellular matrix integrity). Currently however, in the 

setting of radiation-induced hematopoietic injury only G-CSF, pegylated G-CSF, and 

granulocyte-macrophage colony stimulatory factor (GM-CSF) are FDA-approved therapies 

(Dainiak, 2010). 
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Limitations of cytokine therapy. Although it has become instrumental for treating radiation and 

chemotherapy induced neutropenia, G-CSF has limitations in its efficacy and specificity. The 

ability of cytokines including G-CSF to mitigate cytopenias decreases with increasing radiation 

dose or chemotherapy induced myelosuppression (Herodin and Drouet, 2005). Moreover, 

prolonged use of cytokines is not feasible because it induces systemic inflammation and in 

certain cases can lead to myelodysplasia or acute leukemia (Bendall and Bradstock, 2014). 

Cytokine based therapy is also non-specific. Whereas G-CSF was originally identified as a 

growth factor for granulocytes in vitro, when administered in vivo it affects multiple cell types 

within the hematopoietic and immune systems (Martins et al., 2010). Importantly, G-CSF also 

induces HSC mobilization from the bone marrow, which could be counterproductive to 

hematopoietic regeneration. This may be an important consideration with respect to recent 

findings that G-CSF administration can exacerbate HSC injury from irradiation (Li et al., 2015). 

Therefore, although hematopoietic cytokines have great promise, better therapies are needed. 

In the words of Metcalf, “the present situation [of cytokine therapy] is confusing and may 

encourage a certain level of frustration. However, certain facts stand out clearly. The 

administration of single agents can have predictable and dramatic effects on hematopoiesis … 

We need to keep these simple facts in mind … Our future task is now to establish precisely 

what roles are played by each of these candidate regulators and in what clinical situations the 

application of these regulators may prove to be of value.” (Metcalf, 2008). 
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Part 4: Summary  

Through the use of model organisms and studies of human cells, our understanding of 

hematopoiesis and HSC biology has expanded tremendously since HSC were identified over 

half a century ago. Although many pioneering translational advancements in cytokine and cell 

based therapies have been made, therapies for hematopoietic injury from ionizing radiation and 

chemotherapy are still quite limited. The lifelong demands of the hematopoietic system require 

maintenance of HSC self-renewal and differentiation potential, both of which are tightly 

controlled by intrinsic and extrinsic factors. Restoration of normal hematopoietic function after 

serious injury or HSCT is not complete, evidenced by prolonged sub-clinical injury to HSC and 

therapy-related hematologic diseases. Treatments that directly target HSC or the hematopoietic 

microenvironment have not been well developed, and may result in important advancements for 

medical hematology. The next chapter will describe our current understanding of how the bone 

marrow microenvironment maintains HSC function during steady state and regenerative 

hematopoiesis. Specifically, the critical role of vascular endothelial cells in HSC self-renewal 

and hematopoietic recovery from injury will be discussed as an important area for identifying 

new candidates and improving therapies. 
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Figure 1-1: The ontogeny of hematopoiesis. Hematopoiesis begins early in development and 

occurs in two distinct waves. (a) The first wave is primitive hematopoiesis, which arises from 

hemangioblasts that have migrated from the primitive streak to the extraembyronic mesoderm. 

Hemangioblasts in the yolk sac and allantois (red) have hematopoietic, endothelial, and smooth 

muscle cell potential, and produce the first erythroid cells and primitive macrophages. As 

development proceeds, several other subsets of blood cells are produced in the stages of pro-

definitive, meso-definitive, and meta-definitive hematopoiesis. (b) The onset of definitve 

hematopoiesis occurs independently from primitive hematopoiesis. In definitive hematopoiesis, 

hematopoietic stem cells (HSC) are first observed in the aorta-gonado-mesonephros (AGM) 

region, and eventually reach the circulation via their transition to hemogenic endothelial cells in 

the dorsal aorta, placenta, umbilical (U) and vitelline (V) arteries. Definitive HSC that arise from 

hemogenic endothelium migrate to the fetal liver, where the HSC pool expands before migrating 

to the developing bone marrow cavity. Adapted from Dzirzak & Speck, 2008, with permission. 

Abbreviations: pSp, paraaortic splanchnopleura; CFU-S, colony-forming unit spleen. 
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Figure 1-2: Hematopoietic differentiation. (a) Hematopoiesis gives rise to all blood cells 

through the division and differentiation of long-term (LT) self-renewing and short-term (ST)-

HSC. Abbreviations: MPP, multipotent progenitor; CMP, common myeloid progenitor; CLP, 

common lymphoid progenitor; MEP, megakaryocyte-erythroid progenitor; GMP, granulocyte-

monocyte progenitor; Pre-B, pre-B cell; Pre-T, pre-T cell; MkP, megakaryocyte progenitor; Pro-

ery, pro-erythroblast; GP, granulocyte progenitor; MoP, monocyte progenitor; Ery-blast, 

erythroblast. (b) The mechanisms by which HSC and MPP differentiate to mature hematopoietic 

cells is undergoing a paradigm shift. In the Classic Model, MPP daughter cells formed distinct 

myeloid and lymphoid compartments, and subsequent divisions within each of these 

compartments resulted in progressively more lineage-restricted daughter cells. In the Emerging 

Model, which is based on recent single cell transcriptome and lineage tracing experiments, early 

progenitor cells are much more restricted to mature cell fates, presumably through the 

epigenetic phenomenon of ‘lineage priming’ in HSC and MPPs. Trees adapted from Perie et al. 

2015 Cell 163(7), with permission. 
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Part 1: Introduction 

Hematopoiesis is a highly dynamic and tightly regulated process. As discussed in 

Chapter 1, the demand for blood cells can increase with particular exposures or injuries, 

requiring HSC and progenitor cells to rapidly respond to cues from the bone marrow or systemic 

circulation. To accomplish this responsiveness and simultaneously maintain HSCs, the bone 

marrow has evolved “niches”—organized sites composed of several different cell types—that 

are responsible for regulating HSC and progenitor cell activity. The concept of an HSC niche 

was proposed by Ray Schofield to explain the discrepancy in serial repopulating potential that 

occurred between hematopoietic cells harvested from CFU-S12 (see Chapter 1) and those 

transplanted from whole bone marrow (Schofield, 1978). Schofield postulated that the bone 

marrow contains a particular microenvironment that is essential for maintaining the self-renewal 

potential of HSC throughout life. The tenets of the niche hypothesis included (1) an anatomically 

defined location, (2) a site where HSC could be sustained and self-renew, (3) a place where 

HSC differentiation was inhibited, (4) a space that limited the numbers of total HSC, and (5) a 

site where reversion of a slightly differentiated cell back to HSC was possible [reviewed by 

(Papayannopoulou and Scadden, 2008)].  

Since Schofield postulated the existence of a niche for HSC, we have learned that even 

within bone marrow there are likely to be many different anatomic and functional 

microenvironments that contribute to HSC regulation. The most important of these is the 

perivascular niche, which is composed of vascular endothelial cells (EC) and associated 

pericytes derived from mesenchymal stromal progenitor cells (MSPC). The following sections 

will detail the discovery of the perivascular niche for HSC, as well as the specific role of vascular 

EC and EC-derived factors in maintaining HSC during steady state and regenerative conditions.  
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Part 2: The bone marrow niche for HSC 

 

Early studies of the niche 

The first attempts to identify the HSC niche compared hematopoietic colony forming 

activity between marrow sections grossly partitioned into central and marginal regions (Lord and 

Hendry, 1972; Lord et al., 1975). Hematopoietic potential was found to be higher in marrow cells 

that were closer to the endosteal surface of bone. In fact, there was a linear relationship 

between distance from the central axis of bone marrow and CFU-S12 potential (Lord and 

Hendry, 1972). Similarly, CFU-C assays showed  a peak of functional hematopoietic potential 

occurring about  140 µm deep from the endosteal surface (Lord et al., 1975). These initial 

findings established that the bone marrow cells possessing functional hematopoietic stem and 

progenitor cell potential were localized away from the central axis and implicated the endosteum 

as the site of the HSC niche.  

Several other lines of evidence initially corroborated the endosteal niche hypothesis, 

implicating osteoblasts as the primary functional constituents of the HSC niche. For example, 

HSC express a calcium-sensing receptor (Adams et al., 2006) and home toward the endosteum 

of bone following transplantation (Lo Celso et al., 2009). Furthermore, genetic models that 

enhanced osteoblast content in bone marrow, either through bone morphogenetic protein 

receptor type IA inactivation (Zhang et al., 2003) or parathyroid hormone/parathyroid related 

peptide receptor activation (Calvi et al., 2003), were found to increase HSC abundance in bone 

through greater surface contact with osteoblast-expressed N-Cadherin or Jagged-1, 

respectively.  

Although these initial findings supported a principal role for osteoblasts in regulating 

bone marrow HSC, subsequent investigations have found contradictory results. Whereas 

selective deletion of Col 2.3+ osteoblasts through forced thymidine kinase expression and 

ganciclovir administration caused a progressive decline in hematopoiesis, this loss in cellularity 
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was restricted to B lymphocytes and Ter119-expressing erythrocyte progenitors (Visnjic et al., 

2004). Neither the frequency of LSK cells nor the ability of bone marrow cells to form 

myeloerythroid colonies declined during this time period, indicating that osteoblasts only support 

hematopoietic progenitor cells and not HSC per se. Functional studies have shown that 

osteoblast-specific deletion of a critical HSC maintenance chemokine, CXCL12, has no effect 

on HSC numbers or repopulating capacity (Ding and Morrison, 2013; Greenbaum et al., 2013). 

However, consistent with the studies described above by Visnjic et al., loss of CXCL12 from 

osteoblasts resulted in a decline in B cell progenitors in bone marrow (Ding and Morrison, 

2013).  Lastly, the findings that suggested HSC utilize N-cadherin to adhere to osteoblasts has 

been challenged by Morison’s group, which has shown through genetic ablation that HSC do 

not depend on N-Cadherin for their maintenance (Kiel et al., 2009; Kiel et al., 2007). Together, 

these findings illustrate that while the endosteum is enriched for HSC activity and is an 

important site for HSC homing, osteoblasts do not maintain HSC in the bone marrow 

microenvironment.  

 

Discovery that the HSC niche is perivascular 

Vascular endothelial cells (EC) are critical regulators of stem and progenitor cell 

homeostasis in several organs, including lung, brain, liver and testis (Rafii et al., 2016). In these 

tissues, EC produce tissue-specific membrane-bound and soluble factors that promote 

progenitor cell maintenance via paracrine signaling. The concept that a vascular niche supports 

adult hematopoiesis was introduced nearly a century ago by Florence Sabin when she identified 

HSCs arising from vascular endothelium in the avian dorsal aorta [Sabin 1917; republished as 

(Sabin, 2002)]. This pivotal finding established a direct link between vascular EC and adult 

HSC, and provided precedent for a role of vascular EC in hematopoietic homeostasis. Indeed, 

subsequent investigations have shown that EC are central to HSC biology at each stage of their 

migration between the dorsal aorta and the bone marrow. Shortly after the endothelial-to-
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hematopoietic transition occurs in the dorsal aorta, nascent HSC migrate to the fetal liver where 

they expand along a growing hepatic vascular system (Khan et al., 2016). During this time, 

blood vessels also have an essential role in the formation of the bone marrow microenvironment 

by promoting endochondral ossification. Vascular invasion of a cartilaginous cast provides both 

cellular and biochemical elements that mediate formation of the bone and the marrow cavity. 

Around the time of birth, functional changes within the portal vasculature induce egress of HSC 

from the fetal liver (Khan et al., 2016), which is very soon followed by their population of the 

bone marrow cavity (Chan et al., 2009). Therefore, vascular EC are critical regulators of HSC 

biology from the onset of adult hematopoiesis, and a role for EC in the bone marrow HSC niche 

is well-supported by lessons learned from developmental hematology. 

The bone marrow is a highly vascularized tissue, receiving approximately 10% of cardiac 

output to support the metabolic demands of bone function and hematopoiesis (Marenzana and 

Arnett, 2013). The positioning of the vasculature at the interface of hematopoiesis and the 

systemic circulation makes bone marrow vessels an ideal site for the regulation of 

hematopoiesis. Figure 2-1 provides an overview of the bone marrow blood vascular system. In 

long bones, afferent arteries penetrate the cortical bone at a primary ossification center located 

at the end of the diaphysis, branching to form feeder arterioles that course radially along the 

periphery of the diaphysis. These arterioles transition into a highly branching and hierarchical 

network of capillaries, the functional divisions and heterogeneity of which have only recently 

been described in detail with the development of improved bone fixation methods (Kusumbe et 

al., 2014; Sivaraj and Adams, 2016). This capillary system begins with “transition vessel” loops 

arising near the endosteal surface and progress to a sinusoidal system of leaky capillaries, 

which drain blood radially to a central vein that completes the bone marrow micro-circulation.  

 The discovery that bone marrow vascular EC provide a niche for HSC was made 

possible through advancements in our abilities to (1) image HSC-EC interactions within a 

complex bone marrow microenvironment, and (2) evaluate the functional role of EC through 
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conditional deletion studies. The imaging of HSC within bone marrow sections was first 

accomplished in 2005 through Morrison and colleagues’ development of the SLAM phenotype 

marks for HSC (Kiel et al., 2005b). These investigators found that HSC with the phenotype 

CD150+CD48-CD41-Lin- localized to murine endothelial cell antigen (MECA)-32+ bone marrow 

EC at steady state, as well as MECA32+ EC in the spleens of mice treated with 

cyclophosphamide or G-CSF (Figure 2-2). These findings established for the first time a method 

to visualize long-term HSC in bone marrow sections, and revealed that HSC may localize to 

sinusoidal capillary EC niches. In the same year, Sipkins et al. used intravital fluorescence 

microscopy to track the homing and engraftment of fluorescently-labeled HSC in calvarial bone 

marrow, observing HSC localized to the bone marrow vasculature in as little as 2 h after 

transplantation (Sipkins et al., 2005). Remarkably, a subset of label-retaining progeny of these 

HSC remained near vessels up to 70 days post-engraftment, suggesting that a proportion of 

transplanted HSC remained in a quiescent state near the vasculature (Sipkins et al., 2005). 

Together, these were the first findings to demonstrate anatomic and functional roles for bone 

marrow vascular EC in the HSC niche. 

Subsequent investigation has extended the findings from Kiel et al. and Sipkins et al. to 

provide a more detailed description of HSC localization in the niche. Furthermore, these detailed 

studies have helped to resolve some of the controversial findings that the endosteal surface of 

bone (and osteoblasts) provide a niche for HSC. Nombela-Arrieta et al. provided a 3-

dimensional reconstruction of the bone marrow microenvironment to directly compare the 

distances of HSC to bone marrow EC versus the endosteal surface (Nombela-Arrieta et al., 

2013). This analysis revealed that whereas only 20% of CD48-CD41-Lin-c-Kit+ HSC localized 

within 10 µm to bone, the vast majority (~80%) of these cells were found <10 µm from a blood 

vessel, with the majority of those (90%) localized to sinusoidal vessels (Nombela-Arrieta et al., 

2013). Importantly, the endosteal region of bone marrow was found to be highly penetrated with 

the “transition zone” looping capillary network (Figure 2-1). Scanning electron microscopy of 
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murine bone marrow vessel casts revealed that the average distance separating blood vessels 

in the metaphysis is 45 µm, whereas micro-CT revealed that the distance separating bony 

trabeculae in the metaphysis is nearly 200 µm (Ellis et al., 2011). Therefore, these detailed 

microscopic analyses of HSC localization and bone marrow vascular architecture have revealed 

that a purely endosteal niche for HSC does not exist in vivo, and that the true niche for HSC is 

most likely to be perivascular. 

 

Functional evaluation of the perivascular HSC niche 

Whereas the studies described above revealed a close anatomic relationship between 

HSC and vascular EC, the functional role of EC in vivo has been uncovered through the use of 

conditional deletion studies. Factors known to be important for HSC survival or retention in the 

bone marrow have been deleted from vascular EC by using EC-selective promoters to drive Cre 

recombinase expression, including VE-Cadherin or the Angiopoietin-1 receptor (Tie2). Using 

this approach, deletion of Cxcl12 or Scf from Tie2-expressing vascular EC was shown to cause 

loss of HSC content in the bone marrow and reduced HSC function in transplantation assays 

(Ding et al., 2012; Greenbaum et al., 2013). These results indicate that HSC rely on factors 

derived specifically from vascular EC to maintain hematopoiesis. This conclusion is also 

supported by studies from Ralf Adams’ group, that identified VEGFR2+ vessels in the bone 

metaphysis as a site of HSC proliferation (Wang et al., 2013). Wang et al. termed these 

microdomains for HSC ‘hemospheres’ and showed that they support clonal outgrowth of 

transplanted HSC or confetti-Cre labeled HSC. Moreover, gene targeting of Vegfr2 disrupted the 

vascular niche and reduced HSC content in hemospheres (Wang et al., 2013). These functional 

studies support a necessary role for vascular EC and EC-derived factors for HSC regulation in 

vivo.  
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Mechanistic insight into the functional role of EC in HSC regulation has also been 

provided by in vitro co-culture studies. Isolated co-culture of EC and HSC has established that 

EC are sufficient to drive HSC survival, self-renewal, and proliferation in through contact-

dependent (Kobayashi et al., 2010) and non-contact dependent (Chute et al., 2005) 

mechanisms. Furthermore, EC-HSC co-culture systems have become very useful for identifying 

specific endothelial-derived factors that modulate HSC function (Kobayashi et al., 2010) 

(Himburg et al., 2010). This strategy has been extensively used in the context of HSC 

regeneration after injury, which will be discussed in more detail in Part 3 of this Chapter. In 

summary, our understanding of the niche that maintains HSC during development and in the 

bone marrow has improved dramatically since the early models proposed by Schofield. Over 

time, vascular EC have been recognized as critical regulators of stem cell function in several 

tissue types including lung, liver, brain, and testis (Rafii 2016); and have been shown to be both 

necessary and sufficient for forming a niche capable of maintaining HSC and promoting their 

self-renewal in vivo and in vitro. 

 

Heterogeneity of the HSC niche 

 Although the importance of the perivascular HSC niche has been well established, our 

understanding of the interaction between HSC and the bone marrow vascular system is far from 

complete. Indeed, HSC have been reported to localize to both sinusoidal (Acar et al., 2015; Kiel 

et al., 2005b) and arteriolar (Kunisaki et al., 2013) vessels, which occupy distinct regions of the 

bone marrow environment (Figure 2-1). As mentioned above, recent studies are beginning to 

uncover the heterogeneity of the bone marrow vasculature, and how this impacts HSC biology 

(Itkin et al., 2016; Kusumbe et al., 2016). Moreover, the majority of bone marrow vessels are 

associated with pericytes, which have also been shown to release factors that contribute to HSC 

maintenance [reviewed by ((Boulais and Frenette, 2015)]. The purpose of this section is to 
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discuss some of the finer details that have more recently been uncovered regarding the 

perivascular niche for HSC. 

 

Arteriolar niches for HSC  

A number of studies have suggested that arteriolar bone marrow vessels, in addition to 

sinusoidal vessels, may have important functional roles in HSC maintenance (Itkin et al., 2016; 

Kunisaki et al., 2013). Morrison and colleagues initially localized HSC to the highly branching 

sinusoidal system that drains radially toward the center of bone (Kiel et al., 2005b). However, 

sinusoidal vessels occupy a 25-fold greater volume in bone marrow compared to arterioles. To 

control for this and determine HSC enrichment at either vessel type, Kunisaki et al. compared 

the mean observed distance of SLAM HSC from either arteriolar or sinusoidal vessels to the 

distance that would be expected by random HSC placement. Using whole mount imaging and 

mathematical modeling, they found that HSC proximity to sinusoids was not statistically more 

probable than chance (14.2 µm predicted and 14.8 µm observed); however, localization to 

arteriolar vessels was significantly greater than what would be predicted (52 µm versus 

predicted 78 µm) (Kunisaki et al., 2013). In contrast, there was no enrichment of quiescent HSC 

near Col2.3-GFP+ osteoblasts, suggesting that the arteriolar enrichment of HSC relative to 

sinusoids and osteoblasts may be more meaningful. In support of this hypothesis, two 

independent groups have now shown that HSC localized to arterioles are significantly more 

quiescent than HSC localized away from arterioles (Itkin et al., 2016; Kunisaki et al., 2013). 

These findings are from pulse-chase experiments with 5-ethynyl-2’-deoxyuridine (EdU) labeling 

and whole mount staining for Ki-67 (Kunisaki et al., 2013), as well as using metabolic indicator 

dyes (Itkin et al., 2016) to mark HSC oxidation status. Interestingly, Itkin et al. also showed that 

HSC localized to sinusoidal vessels are more oxidized relative to quiescent HSC near arterioles, 

and suggesting that sinusoidal vessels are a site of HSC proliferation and differentiation for 
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blood-bound progenitor cells (Itkin et al., 2016). Therefore, the perivascular niche for HSC 

appears to be functionally distinct and divisible based on the type of vessel to which HSC 

localize.  

 

 

The role of pericytes in the HSC niche 

The majority of bone marrow vessels are in close association with pericytes which are 

derived from mesenchymal stem and progenitor cells (MSPC) in bone marrow (Zhou et al., 

2014) (Boulais and Frenette, 2015). The importance of MSPC-derived pericytes in the HSC 

niche was first established in 2004 when a non-osteoblastic, non-endothelial cell with reticular 

morphology was identified as a major source of CXCL12 in the bone marrow. Referred to as 

CXCL12 abundant reticular (CAR) cells, they were found in close proximity with sinusoidal EC, 

and were determined to regulate HSC quiescence and bone marrow retention through 

chemokine associations with HSC expressing CXCR4 (Sugiyama et al., 2006). The role of 

stromal cell-derived CXCL12 from different stages of MSPC lineage commitment has been 

further investigated using conditional deletion studies, and indicate that Cxcl12 expression in 

cells derived ultimately from early Prx-1+ MSPC, but not more mature osterix (Osx)+ 

osteolineage progenitors, are important for HSC maintenance (Greenbaum et al., 2013). These 

results suggest that subsets of MSPC-derived pericytes play a functional role in the HSC niche, 

and confirm previous reports of the absence of mature osteolineage cells (e.g. osteoblasts) in 

the HSC niche.  

Another important group of pericytes was discovered on the basis of their expressing 

GFP under the promoter of the nestin gene. Studies of Nes-GFP expression in bone marrow 

have revealed that arteriolar and sinusoidal vessels both associate with distinct populations of 

Nes-GFP+ pericytes (Itkin et al., 2016; Kunisaki et al., 2013). Whereas Sca-1+ arteriolar vessels 

associate with Nes-GFPbright pericytes with spindle shaped morphology, (referred to as Nesperi); 
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Sca-1- sinusoidal vessels are enwrapped by reticular-shaped Nes-GFPdim pericytes (Kunisaki et 

al., 2013). This distinction became important when Kunisaki et al. found that dormant HSC were 

highly enriched within microdomains that contained Nesperi cells and their associated arteriolar 

vessels (Kunisaki et al., 2013). Depletion of NG2+ pericytes, which labels 30% of Nesperi cells, 

using a tamoxifen-inducible diphtheria toxin receptor, resulted in significant entry of HSC into 

cell cycle and a delocalization away from arteriolar vessels (Kunisaki et al., 2013). Together, 

these data indicate that pericytes have important roles in the HSC niche, and can interact with 

vascular EC to create functionally distinct domains for HSC. 

In addition to their contribution to the perivascular niche for HSC, MSPC play an 

essential role in the formation and organization of the bone marrow microenvironment in mice 

and humans. MSPCs enriched by CD146/melanoma cell adhesion molecule (MCAM) in 

humans, and those expressing the Nestin-GFP (Nes-GFP) transgene in mice, are sufficient to 

form ectopic sites of hematopoiesis when orthotopically transplanted (Mendez-Ferrer et al., 

2010; Sacchetti et al., 2007). Ectopic bone formation involves the recruitment of both a bone 

marrow vasculature and HSC, indicating that these MSPC play important roles in the formation 

of the niches that maintain HSC. In addition to pericytes, MSPC also give rise to osteocyte, 

chondrocyte and adipocyte lineages (Mendez-Ferrer et al., 2010), furthering their importance in 

the bone marrow microenvironment. Overall our knowledge of the perivascular niche is still 

limited and quite controversial. Much more work is needed to determine the precise relations 

between pericytes and vascular EC in forming the HSC perivsacular niche. 

 

Continuing controversy in the niche for HSC  

Although our ability to study the HSC niche in vivo has improved substantially, several 

controversies still exist (Kiel and Morrison, 2008). Some of the above mentioned studies are in 

complete disagreement regarding the relative localization of HSC in the diaphysis area of bone 

in comparison with the trabecular-rich metaphysis, or whether an enrichment actually exists 
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(Acar et al., 2015; Guezguez et al., 2013; Itkin et al., 2016; Nombela-Arrieta et al., 2013; Wang 

et al., 2013). Discordant findings reported between investigators could be due to the several 

methodologic issues, including choice of markers/functional analysis to identify HSC (Acar et al., 

2015; Kiel et al., 2005b), as well as technical differences in tissue preparation or sensitivity of 

assays (e.g. total number of HSC enumerated). Furthermore, recent reports have added layers 

of complexity to the perivascular niche by describing heterogeneity in EC and pericyte 

composition of bone marrow vessels (Itkin et al., 2016; Kusumbe et al., 2016). Some of the 

markers typically attributed to MSPC-derived pericytes have also been recently shown to 

overlap with markers of vascular EC (Itkin et al., 2016). These discrepancies could potentially 

be explained by overlap in the expression of promoters used to activate reporter genes during 

lineage differentiation (e.g. Nes-GFP) (Ono et al., 2014), or perhaps simply by the continuum 

that underlies most biologic processes. For example, recent reports have shown that arteriolar 

EC do not abruptly end in a distinct capillary network (Kusumbe et al., 2016); instead, there is a 

gradual change in morphology and pericyte association as perfusion pressures decrease. 

Lastly, the notion that niches for HSC are functional, rather than anatomic, is becoming 

increasingly important to consider. This has been illustrated through the use of the sulfhydryl 

reactive dye, pimonidazole, to investigate the relative ‘hypoxic’ status of HSC and the bone 

marrow microenvironment (Itkin et al., 2016; Kusumbe et al., 2016; Nombela-Arrieta et al., 

2013). Whereas HSC were classically assumed to maintain quiescence by residing at hypoxic 

sites distant from vessels, more recent studies have shown that HSC do not partition into 

pimonidazole+ regions (Nombela-Arrieta et al., 2013), and instead suggest that the low oxidative 

status of HSC is maintained functionally through cues from the niche (Itkin et al., 2016). 

Together, these data highlight the complexity of discerning the true niche for HSC. Although our 

understanding of how the bone marrow maintains HSC has improved tremendously in the last 

10-15 years, it is likely that much more work will be required to fully establish the functional and 

dynamic characteristics of the niches that regulate HSC. 
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Part 3: The role of vascular endothelial cells in hematopoietic regeneration 

 Although several of the essential mediators of HSC homing, retention, and self-renewal 

potential in bone marrow have been identified through the investigations discussed above, 

much less is known about the mechanisms and mediators of HSC regeneration after injury. 

Engraftment studies provided the first clues that the regenerative niche for HSC is vascular, e.g. 

HSC home to vascular sinusoids and reside in the perivascular space within an irradiated bone 

marrow environment after transplantation (Sipkins et al., 2005; Wang et al., 2013). The notion 

that transplanted HSC home to perivascular niches suggests that resident HSC may also utilize 

the vascular niche for repopulating the hematopoietic compartment after injury. Furthermore, 

circulating levels of HSC and hematopoietic progenitor cells increase following chemotherapy 

(Richman et al., 1976; Siena et al., 1989), indicating that a return to the niche is an important 

characteristic of hematopoietic regeneration and HSC homeostasis. 

 

Endothelial cells mediate HSC regeneration in vivo 

As discussed in Chapter 1, the regeneration of hematopoietic function following injury is 

an unmet clinical need. Given that vascular EC are both necessary and sufficient to promote 

HSC self-renewal, attention has also turned to whether EC or EC-derived factors can be used to 

treat hematopoietic injury. The direct role of vascular EC in hematopoietic regeneration was first 

suggested when grafted adult vessels were shown to mitigate hematopoietic failure following 

exposure to lethal doses of ionizing radiation (Montfort et al., 2002). Later studies confirmed that 

EC were the vascular component responsible for this effect, as transplantation of purified EC or 

endothelial progenitor cells (EPC) derived from fetal blood are sufficient to rescue lethally 

irradiated hosts (Chute et al., 2007; Li et al., 2010; Salter et al., 2009).  Peripheral blood 

analysis demonstrated EC infusion accelerates the recovery of leukocytes and platelets. 

Furthermore, the transplantation of brain-derived EC accelerates the recovery of BM cellularity 

and increases the frequency of HSPC in the bone marrow of recovering recipients (Chute et al., 
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2007). Long-term hematopoiesis in rescued recipients was derived entirely from the host (Li et 

al., 2010), ruling out the possibility that transplanted ECs were contaminated with non-irradiated 

HSC and indicating that EC elaborate factors that are responsible for regeneration of the host 

hematopoietic compartment.  

Interestingly, neither transplantation of EC isolated from fetal brain, nor mesenchymal 

stromal cells (MSC) were able to recapitulate the mitigating effects of transplanting adult brain 

EC (Chute et al., 2007). In addition, cytokines (VEGF, IL6, SDF, and PDGF-A) that were 

produced by brain-derived EC were not sufficient to rescue irradiated mice when administered 

alone or in combination (Chute et al., 2007). Therefore, although these studies directly illustrate 

that vascular EC are sufficient to stimulate hematopoietic regeneration, they also show that the 

requisite EC-derived factor(s) had not yet been identified. 

Importantly, it has also been demonstrated that vascular EC are necessary for the 

reestablishment of hematopoiesis after injury. In addition to effects on hematopoietic cells, 

chemotherapy and ionizing radiation injure the bone marrow microenvironment (Figure 2-3), 

resulting in regression of vascular sinusoids (Butler et al., 2010; Hooper et al., 2009; Kopp et al., 

2005b) and dysfunction of the other marrow constituents (Cao et al., 2011). With respect to the 

sinusoids, Rafii’s group has shown that the reestablishment of vascular integrity is dependent 

on VEGFR2 activity and cadherin-dependent homotypic adhesions between sinusoidal 

endothelial cells. Blockade of sinusoidal regrowth by infusing a combination of anti-VEGFR2 

and anti-VE-Cadherin antibodies, or by genetic disruption of VEGFR2, leads to hematopoietic 

failure after otherwise sub-lethal exposures to ionizing radiation (Butler et al., 2010; Hooper et 

al., 2009). These studies highlight the importance of stimulating the recovery of bone marrow 

sinusoids for the ultimately regeneration of hematopoietic function. 
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Approaches to define EC factors that regenerate HSC 

The essential role for vascular EC as a regenerative niche has spurred efforts to identify 

the mechanisms and mediators of endothelial-dependent HSC regeneration. To do this, 

platforms have been established in which injured hematopoietic cells are regenerated ex vivo in 

the presence of primary EC from several mouse or human tissue sources (Kobayashi et al., 

2010; Muramoto et al., 2006; Zachman et al., 2013). The ability of EC to stimulate HSC 

regeneration in co-culture is proof of their powerful role in hematopoietic regeneration. HSC 

regenerated by EC provide stable multi-lineage repopulation in the peripheral blood of serially 

transplanted recipients (Chute et al., 2004; Kobayashi et al., 2010), indicating the regeneration 

of bona fide self-renewing HSC. Mechanistically, EC co-culture results in increased HSPC cell 

cycling and reduced levels of apoptosis (Chute et al., 2004; Doan et al., 2013b). Both soluble 

and cell surface factors have been implicated in endothelial-dependent HSC recovery; however, 

direct comparison has shown that the greatest effects on HSC self-renewal potential have been 

produced in direct-contact co-culture (Kobayashi et al., 2010; Muramoto et al., 2006). 

Importantly, ECs also have the capacity to rescue irradiated human hematopoietic CD34+ cells 

derived from bone marrow or umbilical cord blood (Muramoto et al., 2006). The finding that EC 

can regenerate human hematopoiesis is an essential underpinning for the translational potential 

of this field of research. 

 The capacity of EC to stimulate HSC regeneration in an isolated system has provided 

the opportunity to much more precisely study the mechanisms and mediators of this process. 

Different approaches have been developed in attempts to systematically identify the factors that 

EC utilize to regenerate HSC (Doan et al., 2013c; Himburg et al., 2010; Kobayashi et al., 2010). 

One common theme is forced activation of survival or growth pathways in EC with subsequent 

determination of the factors they express that might stimulate hematopoiesis. For example, 

introducing the adenoviral construct E4ORF into primary human EC leads to elevated AKT 

activation and an increased capacity of EC to expand self-renewing HSC in co-culture, an effect 
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that requires direct cell-cell contact and is mediated by endothelial mTOR (Kobayashi et al., 

2010). Induced AKT activation in VE-Cadherin expressing EC in vivo increases HSC frequency 

in murine bone marrow 10-fold and improves their engraftment potential (Kobayashi et al., 

2010). In these studies, AKT activation in EC enhanced their expression of Notch ligands. A 

subsequent report from this group has shown that selective Jagged-1 deletion from VE-

Cadherin expressing EC impairs hematopoietic recovery from moderate doses of ionizing 

radiation (Poulos et al., 2013). Thus, AKT activation and Notch ligand expression in vascular EC 

appear to play an important role in endothelial-dependent HSC regeneration. 

 Chute and colleagues have also identified factors that are potent mediators of 

endothelial-dependent HSC regeneration (Doan et al., 2013b; Doan et al., 2013c; Himburg et 

al., 2010). Initially, the growth factor pleiotrophin (PTN) was identified as a soluble factor that 

was overexpressed in brain-derived EC capable of rescuing human BM and CB hematopoietic 

progenitors in non-contact co-culture (Himburg et al., 2010; Muramoto et al., 2006). As its name 

implies, PTN has widespread effects in HSC through its inhibition of receptor protein tyrosine 

phosphatase (PTP) activity (Fukada et al., 2006). PTN expands non-irradiated HSC both in vitro 

and in vivo, and simulates hematopoietic regeneration following sub-lethal exposure ionizing 

radiation with similar or greater efficacy to G-CSF (Himburg et al., 2010). The effects of PTN 

have been shown to be sensitive to PI3K, Notch, and Ras inhibition (Himburg et al., 2010; 

Himburg et al., 2014), suggesting that its inhibition of PTP signaling has multiple effects on the 

activation status of intracellular signaling pathways. In addition to its role in hematopoietic 

regeneration, PTN has been shown to regulate HSC retention in bone marrow (Himburg et al., 

2012).  

A second EC-derived HSC factor identified by Chute’s group is epidermal growth factor 

(EGF). EGF was found to be the most highly overexpressed protein in irradiated bone marrow 

plasma of mice in which Tie2+ EC were protected from radiation-induced apoptosis via deletion 

of the pro-apoptotic proteins BAX and BAK (Doan et al., 2013c). EGF was subsequently shown 
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to be a potent HSC regeneration factor in vitro and in vivo (Doan et al., 2013b). Together, these 

results show that EC can produce a number of factors that promote the regeneration of HSC 

after hematopoietic injury (Figure 2-4).  
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Part 4: Rationale and Specific Aims 

The above discussion of the bone marrow niche highlights the importance of extrinsic 

factors in HSC regulation during steady state hematopoiesis and after injury. Specifically, 

vascular EC are known to be both necessary and sufficient for HSC regeneration in vitro and 

possess a remarkable capacity to regenerate self-renewing HSC as measured by serial 

transplantation. Although the niche factors that regulate HSC during steady state hematopoiesis 

have been investigated over the last 10-15 years, little is understood about the mechanisms that 

regulate hematopoietic regeneration. The following chapters will describe my work that 

addresses this important question. The goals of my studies were to: 

Specific Aim 1: Establish a platform to study the mechanisms and mediators of 

endothelial-dependent HSC regeneration. 

Specific Aim 2: Identify specific regulators of endothelial-dependent HSC regeneration. 
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Figure 2-1: Overview of bone marrow blood vascular system. (A) Image of long bone 

showing blood vascular supply throughout cortical and trabecular bone of major anatomic 

divisions. (B-E) Marrow blood vascular architecture (B) depicting distinct regions of transition 

zone (TZ) vessels near the endosteal surface (C), which are fed by radiating arterioles (D) and 

drain into a rich sinusoidal system (E) that returns blood centrally to draining veins. (F) 

Phenotypic heterogeneity of bone marrow blood vasculature highlighting non-uniform 

expression of CD31 (green) and endomucin (red) by endosteal and central vessels. The bone 

marrow blood vascular system is still poorly understood and can be characterized on anatomic, 

phenotypic, or functional properties. Figure adapted with permission from Morrison & Scadden 

Nature 2015; Acar et al. Nature 2014; and Kusumbe et al. Nature 2014. 
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Figure 2-2: Localization of long-term HSC to vascular EC in bone marrow. (a) Bone 

marrow section showing sinusoid lumen (asterisk) stained with MECA-32 and several nearby 

cell types staining positive for the SLAM family protein, CD150. (b) Additional staining for CD41, 

CD48, and hematopoietic lineage markers reveals independently labeled cells localized away 

from the vascular lumen, as well as CD150+ and CD41/48/lineage+ cells (arrowhead). Full arrow 

points to HSC labeled with CD150 but not with other antibodies. (c) Composite using DAPI 

counterstain reveals CD150+ HSC as a rare hematopoietic cell type in bone marrow. Images 

adapted with permission from Kiel et al., 2005 Cell. 
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Figure 2-3: Effects of cytotoxic exposures on bone marrow vasculature. (A) India Ink 

perfusion of bone marrow vasculature before and after exposure to 650 cGy ionizing radiation 

showing non-thrombopenic hemorrhage of bone marrow vessels. (B) MicroCT reconstruction of 

mouse bone marrow vasculature 1 and 4 weeks following local X-ray irradiation to the left (L) 

distal femur at a dose of 20 Gy distributed equally over a period of 4 days. (C) Regression and 

regeneration of bone marrow sinusoidal vasculature over the course of 24 days following 

treatment with 5-fluorouracil. Images adapted with permission from Fliedner et al., 2002; Cao et 

al., 2011; and Kopp et al., 2005. 
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Figure 2-4: Mechanisms of hematopoietic regeneration by vascular EC. Vascular EC have 

been shown to support HSC regeneration and restore hematopoiesis through the release of 

soluble factors (epidermal growth factor, EGF; pleiotrophin, PTN) and cell contact-dependent 

factors (Jagged-1). These factors stimulate HSC regeneration and self-renewal at the expense 

of apoptosis or senescence induced by radiation-injury. However the mechanisms contributing 

to endothelial-dependent regeneration are not fully understood. 
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Manuscript Highlights 

 

 

• Following whole body exposure to ionizing radiation, co-culture with human aortic 

endothelial cells (HAECs) regenerates hematopoietic stem cells (HSCs) with 

multilineage reconstituting capability and serial transplant potential. 

 

• Endothelial cell mediated regeneration of HSCs occurs concomitantly with a pronounced 

reversal of radiation-induced DNA damage in primitive hematopoietic cells. 

 

• Co-culture of irradiated bone marrow with HAECs can be delayed up to 48 hours after 

radiation exposure and still result in the rescue of functional HSCs. 

 

• Ex vivo regeneration of long-term HSCs by co-culture with HAEC is superior to HSC 

regeneration by culture with G-CSF, the current standard of care therapy for radiation 

exposure. 
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Abstract 

 

Endothelial cells (ECs) are an essential component of the hematopoietic 

microenvironment, which maintains and regulates hematopoietic stem cells (HSCs). Although 

ECs can support the regeneration of otherwise lethally-irradiated HSCs, the mechanisms are 

not well understood. To further understand this phenomenon, we studied HSC regeneration 

from irradiated bone marrow using co-culture with human aortic endothelial cells (HAECs). Co-

culture with HAECs induced a 24-fold expansion of long-term HSCs (CD150+, lineagelo, Sca-1+, 

c-Kit+; CD150+LSK cells) in vitro. These cells gave rise to functional hematopoietic stem and 

progenitor cells (HSPCs) with colony-forming activity, multilineage reconstitution and serial 

transplantation potential. Furthermore, HAECs significantly reduced DNA damage in irradiated 

LSK cells within 24 hours. Remarkably, we were able to delay the exposure of irradiated bone 

marrow to the regenerative, HAEC-derived signals for up to 48 hours and still rescue functional 

HSCs. G-CSF is the gold standard for promoting hematopoietic regeneration in vivo. However, 

when compared to HAECs, in vitro G-CSF treatment promoted lineage differentiation and 

regenerated 5-fold fewer CD150+LSK cells. Together, our results show that HAECs are 

powerful, direct mitigators of HSC injury and DNA damage. Identification of the HAEC-derived 

factors that rescue HSCs may lead to improved therapies for hematopoietic regeneration after 

radiation injury. 

 

 

Keywords 

Hematopoietic Stem Cell; Endothelial Cell; Ionizing Radiation; Hematopoietic Regeneration; 

DNA Damage  
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Introduction 

The hematopoietic system is the most sensitive tissue in the body to the effects of 

ionizing radiation. Radiation-induced damage to hematopoietic stem cells (HSCs) results in 

bone marrow failure, which can cause anemia, infection and hemorrhage in irradiated 

individuals (Mauch et al., 1995); (Chao, 2007). In addition to its acute effects, the induction of 

oxidative stress and DNA damage in HSCs are thought to underlie the increased risks that 

irradiated individuals have for developing long term complications, including myelofibrosis, 

myelodysplasia and acute leukemia (Wang et al., 2010); (Yahata et al., 2011); (Ivanov et al., 

2012). Currently, hematopoietic failure following exposure to ionizing radiation is treated with the 

cytokine granulocyte colony-stimulating factor (G-CSF) (MacVittie et al., 2005); (Dainiak, 2010); 

however, in the absence of endogenous hematopoietic recovery bone marrow transplantation is 

the only definitive cure. Thus, discovering the mechanisms responsible for regenerating HSCs 

and restoring functional hematopoiesis may improve future therapies for hematopoietic radiation 

injury. 

HSCs reside in functional niches within the bone marrow microenvironment, where their 

asymmetric division and differentiation give rise to all blood cell lineages throughout life (for 

review, see (Wang and Wagers, 2011)). Coordinate signals from other cellular components of 

the hematopoietic microenvironment modulate HSC proliferation and differentiation through the 

elaboration of soluble factors and cell adhesion molecules   (Chitteti et al., 2010); (Chen et al., 

2013); (Nakamura-Ishizu and Suda, 2013). Endothelial cells (ECs) are microenvironmental 

components that modulate the proliferation, self-renewal, and differentiation of HSCs at the 

vascular niche (Kopp et al., 2005a); (Kobayashi et al., 2010). Our group and others have shown 

that ECs effectively restore hematopoiesis by regenerating irradiated HSCs both in vitro and in 

vivo (Chute et al., 2004); (Muramoto et al., 2006); (Hooper et al., 2009); (Li et al., 2010). 
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However, the mechanisms and practicality of EC-mediated hematopoietic regeneration are still 

largely unexplored.  

In this study, we used a co-culture system to study the regeneration of functional murine 

HSCs by human aortic endothelial cells (HAECs) following whole body irradiation. We report 

that HAECs rescue hematopoiesis by reversing DNA damage in primitive hematopoietic cells 

and expanding long-term HSCs. Furthermore, we demonstrate that HAECs can rescue 

functional HSCs up to 48 hours following HSC radiation injury, whereas G-CSF cannot. Our 

results show that HAECs robustly support HSC regeneration following radiation injury, and that 

in vitro, their radiation mitigation is superior to G-CSF. 
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Materials and Methods 

 

Mice 

Congenic male and female 8-12 week old C57Bl/6 mice were used in this study. For 

transplantation experiments, CD45.2 (Ly5.1) or Ly5.1 EGFP+ (TgN(act-EGFP)OsbY01) mice 

provided donor bone marrow cells (BMC) and age-matched CD45.1 (Ly5.2) mice were used as 

transplant recipients. Recipient animals were maintained on acidified water (pH 2.2) for 1 week 

prior to irradiation and antibiotic-supplemented water for 4 weeks following BMC transplantation. 

Mice were maintained in accordance with the Institutional Animal Care and Use Committee at 

Oregon Health & Science University.  

 

Cell Culture Experiments 

HAECs (Lonza) were passaged to P3-P5 and then grown to confluence in EGM-2 

(Lonza) in 25cm2 tissue culture flasks. One day prior to the experiment, confluent HAEC 

monolayers were irradiated with 1200 cGy using a Shepherd 137cesium irradiator at a rate of 166 

cGy/min. On the day of the experiment, BMC were harvested from mouse femurs immediately 

after 580 cGy whole body irradiation (WBI) and kept on ice. Femurs were flushed with ice-cold 

3% serum-modified HBSS, and BMC were washed once before being stained with Turk’s 

solution and counted using a hemocytometer. BMC single cell suspensions (2x106 BMC/5 mL 

media) were prepared using EGM-2 supplemented with the following recombinant murine 

hematopoietic cytokines (purchased from Peprotech): 5 ng/mL IL-3, 5 ng/mL IL-6, 60 ng/mL 

stem cell factor, 50 ng/mL FMS-like tyrosine kinase 3 (Flt-3) ligand, 2 ng/mL GM-CSF, and 25 

ng/mL thrombopoietin. BMC suspensions were cultured on HAEC monolayers (+EC) or plastic 

(-EC) for 7 days in a humidified 37oC incubator at 5% CO2. In delayed rescue experiments, 
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irradiated BMC were cultured in supplemented EGM-2 for 24 h or 48 h before being seeded on 

HAEC monolayers or plastic for a subsequent 7 days. For the G-CSF studies, 200 ng/mL 

human G-CSF (Neupogen) was added to EGM-2 supplemented with murine hematopoietic 

cytokines. At the end of the 7 day culture period, supernatants were collected, dishes washed 

once with Ca2+/Mg2+-free PBS, and treated with 0.25% trypsin-EDTA for 1 min at 37oC to 

dissociate adherent cells. Cells were then collected by washing with ice-cold EGM-2, and BMC 

were counted as described above. HAECs were excluded from total counts by their large size. 

For lineage(Lin)lo, Sca-1+, c-Kit+ (LSK) cultures, equal numbers of FACS-sorted cells (2-3x104) 

were seeded into one well of a 24-well plate containing media only and one well containing 

media and an HAEC monolayer. After 24 h of culture, LSK cells were collected after vigorous 

pipetting and PBS washes. 

 

Flow Cytometry and FACS 

Flow cytometry analysis was performed on a BD LSR-II flow cytometer, and data files 

were analyzed with FlowJo software (Treestar). For CD150+LSK analysis, 1x106 BMC from 

each treatment group were stained with the following antibodies (purchased from eBiosciences 

unless otherwise indicated): phycoerythrin (PE)-conjugated CD3, CD4, CD5, CD8 (BD 

Biosciences), Mac-1/CD11b, Gr-1, B220, and Ter119 (Lin marker cocktail); CD150-Brilliant 

Violet (BV)-421, Sca-1-PE-Cyanine (Cy)7, and c-Kit-allophycocyanin (APC). All antibodies were 

used at 1:100 except Mac-1-PE, Gr-1-PE, B220-PE (1:200) and CD150-BV-421 (1:50). 

Propidium iodide (PI) staining was used to exclude dead cells. Absolute CD150+LSK cells were 

determined by multiplying the CD150+LSK cell proportion by the total BMC number in day 7 

cultures for each experimental group. Peripheral blood (PB) leukocytes from transplant 

recipients were stained with anti-Ly5.1-fluorescein isothiocyanate (FITC), anti-Ly5.2-APC, and 
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Mac-1/Gr-1-, CD3-, or B220-PE to determine the proportion of host- and donor-derived myeloid, 

T, and B cells, respectively. For secondary transplant experiments, GFP+ c-Kit-APC+ cells were 

FACS purified from primary recipient BMC isolates using a BD Vantage cell sorter. For DNA 

damage studies, BMC were harvested immediately following radiation exposure and stained 

with Lin-PE cocktail, Sca-1-PECy7, c-Kit-APC, and PI, and live LSK cells were sorted to purity 

with a BD Influx cell sorter. Following culture, recovered cells were stained with Sca-1-PECy7, 

CD45-FITC and PI, and FACS sorted to purity prior to further analysis. 

 

Methylcellulose Assays 

Progenitor cell CFU activity was determined as described (Li et al., 2010). Briefly, BMC 

harvested from day 7 cultures were plated in mouse methylcellulose medium (Stem Cell 

Technologies, Inc.) at a density of 2x104 BMC/mL in duplicate. Cells were incubated at 37oC for 

7 days and then colonies were scored. 

 

Transplantation Studies 

BMC from day 7 cultures were collected as described above and transplanted into 

recipient mice via retro-orbital injection. 4x106 Ly5.1 or Ly5.1 GFP+ BMC/recipient mouse were 

transplanted in 3% serum-modified HBSS into Ly5.2 mice preconditioned with 750 cGy cesium 

irradiation, and recipients were followed for up to 30 weeks. For PB engraftment analysis, mice 

were anaesthetized with inhaled isoflurane and PB was collected from the retro-orbital venous 

plexus. Erythrocytes were sedimented in 3% dextran for 30 minutes, supernatants collected, 

and erythrocytes further excluded by hypotonic cell lysis using 0.2% NaCl. BMC engraftment 
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and multilineage reconstitution analysis in transplant recipients were performed as described 

above. 

 

Comet Assay 

To quantify the extent of DNA damage in irradiated LSK cells after 24 h of co-culture, a 

Comet assay was performed under alkaline conditions as described previously (Olive and 

Banath, 2006), with the modifications detailed below. The alkaline lysis step was performed 

overnight at 4oC. A total volume of 1 mL low melting point agarose containing LSK cells was 

used per slide at a density of 1500-2000 cells/slide. Slides were cooled on ice to facilitate the 

polymerization of agarose. All solutions were maintained at 4oC with the exception of PI staining 

solution and washes, and all electrophoresis was also performed at 4oC. Low melting point 

agarose and alkaline lysis solutions contained 2% DMSO to avoid damage by ion-catalyzed 

reactive oxygen species. At least 100 LSK cells per condition were scored using Comet IV 

software and an AVT Marlin Firewire camera. Comet IV software was used to calculate the 

Olive Tail Moment. 

 

DNA Double Strand Break Analysis 

Phosphorylation of the histone variant 2AX at Ser139 (γH2AX) was used to assess the 

presence of double-strand DNA breaks in LSK cells before and after 24 h of culture with or 

without HAECs. LSK cells were fixed for 10 minutes in 2% paraformaldehyde, centrifuged, and 

re-suspended in 150 µl PBS. Fixed LSK cells were placed on Fisher Superfrost Plus glass 

slides (at a minimum density of 2000 cells/slide), and allowed to settle overnight at 4oC in a 

humidified chamber. Cells were permeabilized in PBS + 0.15% Triton-X-100 for 5 minutes, 
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washed once, and blocked for 1 h at room temperature in PBS + 1% BSA. After blocking, a 

rabbit anti-γH2AX (1:50, Cell Signaling) was applied in PBS + 1% BSA for 1 h at room 

temperature. Slides were washed twice prior to the addition of secondary antibody (goat anti-

Rabbit Cy3) at a dilution of 1:400, and incubated for 1 h at room temperature. After 2 washes, 

slides were mounted with 100 µL Prolong Gold + DAPI (Invitrogen), and imaged on a Zeiss 

Axiovert 200 fluorescent microscope. For a negative control, irradiated, sorted LSK cells were 

fixed at the start of the culture period and stained with secondary antibody only. Images were 

taken using an Axiocam MRM digital camera, at 100x magnification under oil immersion. 

Images were processed using Axiovision v4.8 software. For scoring γH2AX, at least 100 cells 

were counted for each condition using the criteria that < 5 punctate spots was γH2AX negative, 

and ≥ 5 punctate spots was γH2AX positive. 

 

Statistical Analysis 

Data were analyzed using two-tailed Student’s t-tests. Statistical significance was 

considered at α ≤ 0.05. 
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Results 

HAECs mediate the regeneration of phenotypic HSCs following radiation injury. 

To determine whether HAEC monolayers could regenerate phenotypically-identifiable 

HSCs in vitro, bone marrow cells (BMC) were harvested from 580 cGy-irradiated mice and 

2x106 input cells cultured in the presence (+EC) or absence (-EC) of HAECs for 7 days (Figure 

3-1A). Co-culture with HAECs resulted in a 2-fold increase in total BMC number (4.0 ± 0.65 x106 

BMC), whereas BMC cultured in the absence of HAECs did not expand relative to input (1.9 ± 

0.28 x106 BMC; p=0.017 vs. +EC; Figure 3-1B). To determine whether the increase in total BMC 

included an expansion of the HSC compartment, we analyzed the frequency of CD150+, Linlo, 

Sca-1+, c-Kit+ (CD150+LSK) cells, which are highly enriched for long-term HSCs (Kiel et al., 

2005a); (Chen et al., 2008). Co-culture with HAECs induced an 18-fold increase in the 

proportion of CD150+LSK cells after 7 days. The CD150+LSK cell expansion was a 

consequence of a 2-fold increase in the frequency of Linlo cells, a 3-fold increase in the 

frequency of Linlo cells expressing CD150, and a 3-fold increase in the frequency of Sca-1+/c-

Kit+ cells within the LinloCD150+ gate (Figure 3-1C). In total, HAEC co-culture promoted a 24-

fold overall increase in the absolute number of CD150+LSK cells relative to control (3922 ± 705 

vs. 160 ± 16 CD150+LSK cells; p=0.002; Figure 3-1D). These results demonstrate that HAECs 

can robustly regenerate phenotypically-defined HSCs in vitro following radiation injury. 

 

Co-culture with HAECs rescues BMC containing functional hematopoietic stem and 

progenitor cells.  

To query if the BMC regenerated during HAEC co-culture contained functional 

hematopoietic stem and progenitor cells (HSPCs), we assayed their colony forming activity in 

methylcellulose and performed serial bone marrow transplantation experiments (Figure 3-2A). 
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Irradiated BMC cultured in the presence of HAECs had significantly higher colony-forming 

activity when compared with control-cultured BMC (27 ± 4 x103 vs. 3.8 ± 0.7 x103 CFUs; 

p=0.0002; Figure 3-2B). Next, we examined HSC functional activity by transplanting BMC into 

sublethally irradiated congenic recipients. Transplantation of HAEC co-cultured BMC 

repopulated 20-40% of the peripheral blood (PB) in primary recipients over a 16 week period. In 

contrast, control cultured BMC contributed only 2.1-4.6% of recipient PB over the same time 

period (p<0.05, Figure 3-2C). Furthermore, analysis of primary recipient PB after 16 weeks of 

engraftment revealed that HAEC-treated BMC were capable of multilineage reconstitution 

(Figure 3-2D). To determine whether the functional HSCs regenerated through HAEC co-culture 

were also self-renewing; donor-derived, c-Kit+ cells were FACS-sorted from primary recipient 

bone marrow and transplanted into sublethally irradiated secondary recipients. Multilineage 

hematopoietic reconstitution was detected for up to 16 weeks in these secondary recipients 

(Figure 3-2E). These results indicate that ex vivo co-culture of BMC with HAECs provides an 

effective means to regenerate in vivo functional HSCs following injury by ionizing radiation. 

 

HAECs reverse radiation-induced DNA damage in LSK cells. 

Ionizing radiation increases cellular oxidative stress and promotes DNA damage, 

including double strand breaks (DSBs). Because excessive DNA damage attenuates HSC self-

renewal (Yahata et al., 2011), we hypothesized that HAECs may mitigate radiation-induced 

hematopoietic dysfunction by reducing DNA damage in HSPCs. To test this hypothesis, LSK 

cells were FACS-sorted from irradiated bone marrow and assayed for DNA damage following 

culture with or without HAECs (Figure 3-3A). Consistent with the 7 day culture results (Figure 

1B), co-culture with HAEC for 24 h resulted in the recovery of 43% more LSK cells relative to 

controls (p=3x10-9, Figure 3-3B). Phosphorylation of the histone variant H2AX (γH2AX) is a 
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sensitive, early response marker to DNA-DSBs (Mah et al., 2010); therefore, we assayed DNA-

DSBs in irradiated LSK cells by detecting γH2AX immunofluorescence (Figure 3-3C). Nearly all 

irradiated LSK cells had DNA-DSBs immediately after irradiation (Figure 3D). Although we did 

not observe a reduction in DNA-DSBs after 3 h of HAEC co-culture (data not shown), extending 

the culture period to 24 h revealed that HAECs effectively reduce DSBs in LSK cells. 

Specifically, imaging 24 h after irradiation revealed the persistence of γH2AX foci in 79 ± 2.6% 

of LSK cells cultured in the absence of HAECs; in contrast, only 26 ± 1.1% of LSK cells cultured 

with HAECs showed any significant γH2AX signal (p=2x10-6; Figure 3-3D). To further validate 

these results, we also measured DNA strand breaks in single cells using an alkaline Comet 

assay. HAEC-rescued LSK cells exhibited a 54% reduction in olive tail moment relative to 

controls (p=0.003; Figure 3-3E), confirming that HAECs reduce DNA damage in HSPCs. 

Together, these two independent techniques demonstrate that co-culture with HAECs for only 

24 h reverses radiation-induced DNA damage in a large proportion of LSK cells. These results 

suggest that the induction of DNA damage repair is an early event associated with HAEC-

mediated mitigation of hematopoietic radiation injury.  

 

HAECs can mitigate HSC loss and rescue functional hematopoiesis up to 48 hours 

following radiation injury. 

Very little is known about how long radiation-damaged HSCs can survive in the absence 

of environmental factors that promote their regeneration; however, this question has important 

biologic and therapeutic implications. Therefore, we sought to determine how long after a post-

irradiation delay the surviving HSCs remained capable of regeneration by HAECs. To 

accomplish this, BMC harvested from irradiated mice were cultured under control conditions for 

24 h or 48 h before transfer to co-culture with or without HAECs (Figure 3-4A). After a 48 h post-
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irradiation delay, HAECs rescued nearly 4-fold more CD150+LSK cells than control culture 

conditions (1026 ± 200 vs. 276 ± 33 CD150+LSK cells; p=0.006; Figure 3-4B). We then tested 

the functional activity of rescued HSPCs with colony-forming assays and bone marrow 

transplantation. CFU activity was significantly higher in HAEC-treated BMC compared with 

control BMC after delays of both 24 h (15±4.1 x103 vs. 2.9 ± 1.1 x103 CFUs; p=0.019) and 48 h 

(9.4 ± 1.3 x103 vs. 2.4 ± 0.7 x103 CFUs; p=0.0004; Figure 3-4C). Moreover, HAEC co-culture 

rescued long-term repopulating HSCs that gave rise to 15-32% of total circulating leukocytes 

and multilineage hematopoietic reconstitution for up to 30 weeks following transplantation into 

host mice (Figure 3-4D-E). In contrast, after a 48 h post-irradiation delay BMC cultured under 

control conditions were incapable of engrafting transplant recipients (Figure 3-4D). These 

results highlight the existence of a 48 h window of opportunity during which endothelial-derived 

factors can regenerate functional hematopoiesis. 

 

Regeneration of functional HSPCs by HAECs is superior to G-CSF. 

The current standard of care therapy for treating unintentional radiation exposure is G-

CSF, which improves early hematopoietic recovery in part through HSC mobilization and 

differentiation (MacVittie et al., 2005); (Dainiak, 2010). To directly compare their potential to 

regenerate HSPCs, HAECs or G-CSF were co-cultured with irradiated BMC after a 24 h or 48 h 

delay (Figure 3-5A). Consistent with our previous results (Figure 3-1C), HAECs expanded the 

proportion of Linlo cells 2-fold to 14 ± 1.0% of BMC, and this was significantly higher than both 

control (p=0.009) and G-CSF (p=0.001) treated groups (Figure 3-5B). Further phenotypic 

analysis showed that HAECs rescue almost 5-fold more CD150+LSK cells than G-CSF after a 

48 h post-irradiation delay (1107 ± 287 vs. 241 ± 31 CD150+LSK cells; p=0.04; Figure 3-5C). 

The superior ability of HAECs to rescue phenotypic HSPCs in culture correlated with increased 
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functional activity, as HAEC co-cultured BMC formed 13-fold more colonies than G-CSF co-

cultured BMC (17 ± 4.6 x103 vs. 1.3 ± 0.5 x103 CFUs; p=0.03) after a 24 h delay prior to HAEC 

co-culture, and 11-fold more colonies (9.7 ± 1.1 x103 vs. 0.86 ± 0.17 x103 CFUs; p=0.004) after 

a 48 h delay prior to co-culture (Figure 3-5D). Together, these data show that following a post-

radiation injury delay of up to two days, co-culture with HAEC is superior to G-CSF for 

enhancing the recovery of phenotypic and functional HSPCs. 
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Discussion 

We have shown that HAECs mediate the recovery of hematopoietic function following 

radiation injury by promoting the proliferation of functional HSCs and reducing DNA damage. 

Relative to control culture conditions, HAEC co-culture regenerated significantly more 

CD150+LSK cells from irradiated bone marrow; furthermore, HAEC-rescued BMC had increased 

long-term hematopoietic reconstitution potential and contained self-renewing, multilineage-

reconstituting HSCs. For phenotypic identification of HSCs we included the SLAM family 

member CD150, which has been shown to enrich for long-term HSCs within LSK populations 

(Kiel et al., 2005a); (Chen et al., 2008). HAECs expanded the proportion of CD150+LSK cells in 

culture by 24-fold (Figure 3-1D), and this increase correlated with a log-fold engraftment 

advantage for HAEC-treated BMC relative to control (Figure 3-2C).  

A remarkable finding from our study is the long window of opportunity during which 

irradiated HSCs can be rescued. Despite the persistence of substantial amounts of DNA 

damage in LSK cells (Figure 3-3D), a subpopulation of these cells survive for up to 48 h and are 

responsive to HAEC-derived factors that promote HSC regeneration. In the case of 

unanticipated exposure to ionizing radiation, the possibility that healthcare intervention may not 

be immediate is clinically important. Our results show that in the absence of HAEC-derived 

signals, irradiated HSCs completely lose their ability to repopulate the blood of radiation-

conditioned recipients after a 48 h culture delay (Figure 3-4D). Notably, the degree to which 

irradiated BMC remained capable of producing CD150+LSK cells and active progenitors was 

inversely proportional to the length of the post-irradiation delay. Although we recovered fewer 

absolute CD150+LSK cells from BMC cultures that were delayed 48 h prior to co-culture with 

HAECs, the percentage of CD150+LSK cells in day 7 cultures did not change significantly when 

compared to BMC cultured immediately on HAECs (data not shown). Thus, our functional 

studies show that HSCs regenerated by HAECs immediately after irradiation (Figure 3-2C) have 
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comparable engraftment potential on a per-cell basis as HSCs regenerated by HAECs after a 

post-irradiation delay of 48 h (Figure 3-4D). These results suggest that HSC death, rather than 

an intrinsic alteration to the quality and engraftment potential of HSCs, is limiting for the delayed 

rescue of HSCs through HAEC co-culture. 

Currently, G-CSF is the standard of care for the treatment of bone marrow failure from 

unanticipated radiation exposure or following chemotherapy. The main therapeutic benefit of G-

CSF is to enhance neutrophil recovery (Dainiak, 2010). It is less clear whether G-CSF is a direct 

mitigator of HSPC radiation damage (Drouet and Herodin, 2010). We found that relative to 

HAECs, treatment of isolated, irradiated BMC with G-CSF after a 48 h delay was less 

efficacious at promoting the rescue of CD150+LSK cells. In fact, when G-CSF was added to 

control cultures we noted a potentially detrimental effect on the regeneration of HSPCs. 

Whereas HAECs significantly expanded Linlo BMC populations relative to both control and G-

CSF culture, G-CSF actually induced a shift in BMC populations to the Linhi  phenotype, and this 

caused a non-significant but pronounced (34%) loss of Linlo cells in day 7 cultures (Figure 3-5B). 

Consistent with this loss of Linlo cells, treatment with G-CSF did not expand active progenitors 

(Figure 3-5D). This disparate effect of G-CSF treatment in vitro may be accounted for by other 

regulatory signals within the hematopoietic microenvironment that modulate the granulocytic 

differentiation or asymmetric division of HSCs upon G-CSF stimulation in vivo. Indeed, co-

culture of irradiated BMC with HAECs + G-CSF yielded intermediate levels of CD150+LSK cells 

and colony-forming activity compared to either treatment alone (data not shown), suggesting 

that HAECs and G-CSF may induce opposing signaling networks in regenerating HSCs. These 

data highlight that the continued discovery of endogenous signals that regenerate HSCs may 

improve our ability to rescue high-fidelity, long-term HSCs with combinatorial pharmacologic 

treatment. 
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We have demonstrated that ECs reverse radiation-induced DNA damage in HSPCs, and 

that this reversal is associated with enhanced bone marrow engraftment and serial 

transplantation potential (Figure 3-2C-E). We believe these are the first data to suggest that 

ECs can induce DNA damage repair pathways through paracrine or cell-contact signaling. The 

identity of the endothelial-derived factor(s) with this activity remains to be determined. Both 

basic fibroblast growth factor (FGF-2) and epidermal growth factor (EGF) have been shown to 

promote DNA damage repair in other cell types (Harfouche et al., 2010); (Bai et al., 2012). 

Interestingly, systemic delivery of EGF to irradiated mice promotes hematopoietic recovery 

following radiation injury (Doan et al., 2013a). We did not detect EGF mRNA in HAECs (data not 

shown), thus ruling out EGF as a candidate HAEC-derived radiation mitigator; however, we 

cannot rule out the possibility of other ligands signaling through the EGF receptor. Notably, our 

basal endothelial culture medium contains both FGF-2 and EGF. Thus, the presence of these 

factors may account for the reduction in the percentage of HSPCs with DSBs (relative to input 

cells) following culture in the absence of HAEC (Figure 3-3D).  Because HAECs promote a 

much greater degree of DNA repair as well as HSPC expansion in prolonged cultures, we 

postulate that additional factor(s) from HAECs may be working together with the EGF and/or 

FGF-2 present in the tissue culture media. To identify these potential candidates, we have 

undertaken both transcriptome and secretome analyses of HAECs.  

In conclusion, our findings add to a growing body of evidence supporting the role of 

endothelium in HSC maintenance and regeneration following radiation injury (Montfort et al., 

2002); (Chute et al., 2004); (Muramoto et al., 2006); (Li et al., 2010). Continued efforts toward 

identifying endothelial-derived factors that promote the regeneration of HSPCs may lead to 

improvements in long-term hematopoietic outcomes for individuals exposed to ionizing 

radiation. 
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Figure 3-1: HAECs promote the regeneration of cells with hematopoietic stem and 

progenitor phenotypes. (A) Bone marrow cells (BMC) were harvested from the femurs of mice 

treated with 580 cGy 137Cs whole body irradiation (WBI) and cultured in the absence (-EC, black 

bars) or presence (+EC, grey bars) of HAEC monolayers (input BMC: 2x106 cells). (B) After 7 

days in culture, total BMC were counted and (C) HSCs (Linlo, CD150+, Sca-1+, c-Kit+ 

(CD150+LSK) cells) were identified by FACS. (D) The absolute number of CD150+LSK cells 

recovered on day 7 from 2x106 input BMC is shown. Error bars show SEM of 5 independent 

experiments.  
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Figure 3-2: HAECs rescue long-term repopulating HSCs. (A) BMC harvested from 580 cGy-

irradiated mice were cultured for 7 days in the presence or absence of HAECs and then 

assayed for CFU activity and in vivo hematopoietic potential. (B) BMC were plated in 

methylcellulose and absolute CFUs per 2x106 input BMC was determined (n=3 independent 

experiments). (C) Peripheral blood (PB) engraftment of recipients transplanted with BMC 

cultured in the presence (open diamonds) or absence (closed circles) of HAECs (n=5 

recipients/group). (D) Primary transplant recipient donor- and host-derived, multilineage 

hematopoietic reconstitution of the PB by BMC cultured in the presence of HAECs. Donor-

derived, c-Kit+ cells isolated from the bone marrow of primary recipients were transplanted into 

irradiated secondary recipients. (E) Multilineage hematopoietic reconstitution in secondary 

transplant recipients at 16 weeks. Error bars show SEM.  
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Figure 3-3: HAECs attenuate DNA damage in LSK cells. (A) LSK cells were FACS-sorted 

from 580 cGy-irradiated mouse bone marrow and cultured in the presence or absence of 

HAECs. After 24 h, LSK cells and their progeny were re-sorted based on Sca-1 and CD45 

expression, and DNA damage was assessed using γH2AX immunofluorescence and a Comet 

assay. (B) LSK cells recovered after 24 h, with the +EC group normalized to 100% (n=9 

independent experiments). (C) Re-sorted LSK cells were assessed for DNA double strand 

breaks using γH2AX immunofluorescence. Representative images of irradiated LSK cells 

cultured in the absence (top) or presence (bottom) of HAECs (scale bar = 5 µm). (D) 

Quantification of γH2AX-positive cells (≥5 foci/cell) in LSK cells immediately after irradiation 

(white bar) and after 24 h culture in the presence (grey bar) or absence (black bar) of HAECs. 

At least 100 cells were scored per group (combined results from 4 independent experiments). 

(E) DNA damage in re-sorted LSK cells was also determined using a Comet assay. A 

representative experiment is shown where >100 LSK cells/group were scored for olive tail 

moment (n=3 independent experiments). 
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Figure 3-4: HAECs rescue functional hematopoiesis up to 48 hours following radiation 

injury. (A) BMC harvested from 580 cGy-irradiated mice were initially cultured for 24 h or 48 h 

in control conditions and then cultured in either the presence or absence of HAECs for 7 

additional days. (B) Absolute CD150+LSK cells (per 2x106 input BMC) recovered after a 48 h 

post-irradiation delay and 7 days of culture (n=5 independent experiments). (C) CFU activity 

(per 2x106 input BMC) after a 24 h or 48 h post-irradiation delay (n=5-7 independent 

experiments). (D) PB engraftment by 48 h HAEC-rescued BMC for up to 30 weeks following 

transplantation (n=5 recipients/group). BMC cultured in the absence of ECs provided no 

measurable level of engraftment (not detectable, N.D., sensitivity = 0.5%). (E) 30 week 

multilineage hematopoietic reconstitution of the PB by HAEC-rescued BMC after a 48 h delay. 

Error bars show SEM.  
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Figure 3-5: HAECs are superior to G-CSF for promoting HSPC regeneration for up to 48 

hours after radiation injury. (A) After a 24 h or 48 h delay, irradiated BMC were cultured in the 

presence or absence of HAECs, or with G-CSF. (B) Analysis of BMC by FACS after 7 days of 

culture showed a relative depletion of Linlo BMC in 48 h delayed, G-CSF-treated cultures 

(representative flow histograms and a mean of 3 experiments are shown). (C) Quantification of 

CD150+LSK cells following culture in the presence or absence of HAECs, or with G-CSF (n=3 

independent experiments). (D) CFU activity of BMC cultured in the presence or absence of EC, 

or the presence of G-CSF, after the indicated delay period (n=4 independent experiments). 

Error bars show SEM.  
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• Umbilical vein-derived vascular endothelial cells (HUVEC) poorly support HSC 
regeneration relative to several other types of primary EC. 
 

• Direct comparison of the transcriptomes of HUVEC and aortic EC (HAEC) can be used 
to identify candidate regulators of endothelial-dependent HSC regeneration. 
 

• Transforming growth factor (TGF)-β expression and signaling are highly active in 
HUVEC relative to HAEC and inhibit EC-dependent HSC regeneration through autocrine 
and paracrine mechanisms. 
 

• Hepatocyte growth factor is overexpressed in HAEC and enhances EC-dependent 
hematopoietic regeneration. 
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Abstract 

 

Vascular endothelial cells (EC) are integral to the hematopoietic stem cell (HSC) niche 

and essential for hematopoietic regeneration after injury. However, little is known about the 

pathways that regulate EC function in this setting. To better understand the mechanisms 

responsible, we developed a platform to identify soluble factors that enhance or suppress 

endothelial-dependent HSC regeneration after exposure to ionizing radiation. Transcriptome 

sequencing of umbilical vein-derived EC (HUVEC), which poorly supported HSC regeneration in 

direct contact co-culture, revealed highly significant (FDR <10-9) overexpression of transforming 

growth factor-β (TGF-β) ligands relative to aortic EC (HAEC) that robustly support HSC. 

Functional studies confirmed that TGF-β1 is necessary and sufficient to inhibit endothelial-

dependent HSC regeneration in a dose-dependent manner. Increased Smad2/3 

phosphorylation and downstream gene set enrichment in isolated HUVEC cultures indicate that 

TGF-β also participates in an EC autocrine loop. Indeed, pre-treatment of HAEC with 

recombinant TGF-β1 elevated total TGF-β1 levels during hematopoietic regeneration and led to 

a 5-fold reduction in HSC transplantation potential. To determine mechanisms that may act on 

EC to enhance hematopoietic regeneration, we directly compared soluble factor expression 

between HUVEC and HAEC. HAEC overexpressed nearly two-dozen factors >2-fold with highly 

significant FDRs. Amongst these candidates, hepatocyte growth factor (HGF) enhanced HSC 

regeneration by HUVEC >10-fold and significantly improved long-term bone marrow 

engraftment and multi-lineage hematopoietic reconstitution by regenerated HSC. Treatment of 

EC with HGF robustly activated endothelial Akt signaling and reduced TGF-β1-dependent 

Smad2/3 activation. Together, our findings identify an inhibitory role for TGF-β1 on endothelial-

dependent HSC regeneration, and demonstrate that EC-targeting growth factors such as HGF 

have the potential to significantly enhance HSC regeneration after injury. 
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Introduction 

 

Hematopoietic stem cells (HSC) are tightly regulated to maintain blood cell production 

throughout life. The precise coordination of HSC self-renewal and differentiation is 

accomplished by niches within the bone marrow composed of vascular, stromal, neural, and 

bone elements (Boulais and Frenette, 2015; Morrison and Scadden, 2014). Vascular endothelial 

cells (EC) are known to be critical components of the HSC niche (Rafii et al., 2016), and 

mediate hematopoietic stem and progenitor cell (HSPC) trafficking between blood and bone 

marrow (Itkin et al., 2016; Sipkins et al., 2005). Conditional deletion studies have shown that 

HSC depend on vascular EC factors for both their bone marrow retention and survival (Ding et 

al., 2012). Long-term (LT)-HSCs identified using the signaling lymphocyte activation molecule 

(SLAM) phenotype have localize to both arteriolar (Kunisaki et al., 2013) and sinusoidal (Acar et 

al., 2015; Ding et al., 2012) vessels. The precise regulation of EC by bone marrow vessel 

subtypes is actively being investigated (Itkin et al., 2016; Wang et al., 2013). 

 In addition to their role in regulating HSC during steady state hematopoiesis, EC are 

also central to regeneration of hematopoiesis after injury (Butler et al., 2010; Hooper et al., 

2009; Poulos et al., 2013). Studies from our lab (Li et al., 2010) and others (Chute et al., 2007) 

have shown that the transplantation of vascular EC rescues hematopoiesis after bone marrow-

lethal doses of ionizing radiation by stimulating host hematopoietic recovery. Moreover, in ex 

vivo co-culture primary EC stimulate HSC regeneration by producing soluble and membrane-

bound factors that activate HSC self-renewal and improve long-term multi-lineage potential 

(Butler et al., 2010; Doan et al., 2013b; Himburg et al., 2010; Kobayashi et al., 2010; Zachman 

et al., 2013). Despite these findings, the regulation of endothelial-dependent HSC regeneration 

is still poorly understood. A better understanding of the mechanisms responsible could lead to 

improved strategies for HSC transplantation or inform therapies for hematologic malignancies. 
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The transforming growth factor (TGF)-β superfamily of proteins are powerful modulators 

of hematopoiesis during development and adulthood (Blank and Karlsson, 2015; Dzierzak and 

Speck, 2008). Canonical TGF-β1 ligand helps to induce specification of hematopoiesis 

(Pardanaud and Dieterlen-Lievre, 1999) and have a diverse array effects on hematopoiesis and 

HSC in bone marrow. In contrast, the regulation of hematopoietic regeneration by TGF-β has 

not been studied in as great of detail. Neutralization of TGF-β has been shown to prolong HSC 

cycling and improve hematologic recovery following exposure to 5-fluorouracil, indicating that 

TGF-β is important for HSC return to quiescence (Brenet et al., 2013). Furthermore, hyperactive 

TGF-β signaling has been shown to underlie DNA damage accrual and attrition in murine 

models of Fanconi Anemia (Zhang et al., 2016). Within the HSC niche, TGF-β is highly 

expressed by type-H CD31hiEndomucinhi ECs and megakaryocytes (Kusumbe et al., 2014; 

Zhao et al., 2014). Although dysregulation of TGF-β is widely implicated in vascular disorders 

including Marfan Syndrome (Neptune et al., 2003), Hereditary Hemorrhagic Telangiectasia 

(McAllister et al., 1994), and pulmonary arterial hypertension (Ogo et al., 2013), the effects of 

TGF-β on endothelial-dependent HSC regeneration have not been investigated.  

In these studies, we uncover a novel inhibitory role for TGF-β in the HSC vascular niche. 

In a screen of several primary human EC, found that human umbilical vein EC (HUVEC) had a 

markedly reduced capacity to regenerate long-term (LT)-HSC (CD150+LSK cells) compared to 

adult venous or arterial EC (HAEC).  Gene expression analysis showed that TGF-β1 is 

overexpressed by HUVEC and functional studies confirm it is necessary and sufficient to 

suppress the ability of EC to support regenerating HSC. Additionally we show that TGF-β1 

production and signaling is hyperactive in HUVEC and that TGF-β1 suppresses LT-HSC 

regeneration through both HSC- and EC-autonomous mechanisms. Lastly, transcriptome 

analysis to identify EC-specific growth factors that enhance the regeneration of LT-HSC 

revealed that hepatocyte growth factor (HGF) increased endothelial-dependent HSC 
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regeneration and multi-lineage hematopoietic potential. Our findings uncover a novel inhibitory 

role for TGF-β1 in the HSC niche, and demonstrate the utility of targeting vascular EC to 

enhance hematopoietic regeneration.  
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Materials and Methods 

 

Mice 

Male and female 8-12 week old C57Bl/6 mice were used in this study. For 

transplantation experiments, Ly5.2 EGFP+ (TgN(act-EGFP)OsbY01) mice provided donor bone 

marrow cells (BM cells) and age-matched CD45.1 (Ly5.2) mice were used as transplant 

recipients. Recipient animals were maintained on acidified water (pH 2.2) for 1 week prior to 

irradiation and antibiotic-supplemented water for 4 weeks following BMC transplantation as 

described (Li et al., 2010). Mice were maintained in accordance with the Institutional Animal 

Care and Use Committee at Oregon Health & Science University.  

 

Hematopoietic Regeneration Co-culture Assays  

Regeneration assays for murine hematopoietic cells were performed as described 

previously (Zachman et al., 2013). Briefly, human primary endothelial cells from aorta (HAEC), 

saphenous vein (HSaVEC), pulmonary artery (HPAEC) or umbilical vein (HUVEC) (Lonza) were 

passaged to P3-P5 and then grown to confluence in EGM-2 (Lonza) in tissue culture flasks. 

Confluent EC monolayers were irradiated 24 h prior to beginning the regeneration assay with 

1200 cGy using a Shepherd 137cesium irradiator at a rate of 166 cGy/min. Following irradiation, 

EC were fed fresh EGM-2 and in certain experiments supplemented with recombinant human 

TGF-b1 (Peprotech) at doses ranging from 10-30 ng/mL. The day of the experiment, BM cells 

were harvested from mouse femurs immediately after 580 cGy total body irradiation and kept on 

ice. Single cell suspensions of irradiated BM cells (0.4x106 cells/mL) were prepared in EGM-2 

supplemented with the following recombinant murine hematopoietic cytokines (Peprotech): 5 

ng/mL IL-3, 5 ng/mL IL-6, 60 ng/mL stem cell factor (SCF), 50 ng/mL FMS-like tyrosine kinase 3 

(Flt-3) ligand, 2 ng/mL GM-CSF, and 25 ng/mL thrombopoietin (TPO). BM cell suspensions 

were cultured in direct contact with EC monolayers or plastic (No EC) for 7 days in a humidified 
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37oC incubator at 5% CO2. For certain experiments, recombinant human HGF (20-80 ng/mL) or 

TGF-b1 (10-30 ng/mL) were added in a vehicle of 0.1% BSA. In other experiments, the small 

molecule inhibitors SB431542 (1µM) or PF04217903 (10 nM) were added to inhibit signaling by 

ALK5 and c-Met, respectively (SelleckChem). Both inhibitors were dissolved in DMSO, and an 

equivalent volume of DMSO vehicle was included in cultures not treated with inhibitor. At the 

end of culture, supernatants were collected and monolayers thoroughly rinsed to dislodge 

adherent cells. EC monolayers were inspected under a light microscope for remaining 

hematopoietic cells and monolayer integrity. Certain regeneration cultures were performed 

using EC-conditioned media that was collected from HAEC or HUVEC monolayers after 4 days 

in EGM-2. Conditioned media was centrifuged to pellet any non-adherent cells and added back 

1:1 v/v to cultures of irradiated BM cells in the absence of EC. Non-contact co-cultures were 

performed in 6 well tissue culture plates using Costar transwell inserts (Corning) with a 0.4 µm 

pore size. Regenerated hematopoietic cells were counted using Turk’s stain and a 

hemocytometer. 

 

Human CD34+ Cord Blood (CB) Cell Regeneration Assays 

Human hematopoietic regeneration assays were performed as described by Muramoto 

et al. (2006) with minor modifications. CD34+ CB progenitors were either purchased from Stem 

Cell Technologies or purified from fresh CB acquired through the Oregon Health & Science 

University CB donation program. For the latter, CD34+ cells were purified from unprocessed CB 

units using a Lymphoprep density gradient followed by a two-step positive selection protocol for 

CD34+ cells (Cell Signaling Technologies) and FACS. A single cell suspension of CD34+ cells in 

EGM-2 plus 20 ng/mL TPO, 120 ng/mL SCF, and 50 ng/mL Flt-3 ligand (TSF cytokines) was 

irradiated with 4 Gy and immediately added to culture for a 10 day regeneration assay. CB cells 

were regenerated in the absence of EC or in direct contact with HAEC or HUVEC with a 50% 
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v/v media + cytokines supplement on day 7. At the end of regeneration, total CB cell 

regeneration was enumerated using a hemocytometer and CD34+38- HSPC frequency 

quantified using flow cytometry.  

 

Colony Formation Assays  

Murine hematopoietic progenitor cell colony forming activity was determined as 

described (Li et al., 2010). Briefly, hematopoietic cells harvested from day 7 cultures were 

plated in mouse methylcellulose medium (HSC007, R&D Systems) at a density of 2x104 

cells/mL in duplicate. Cells were incubated at 37oC for 7 days and then colonies were scored as 

an average between the two plates. For human CB cells, 2x104 cells were resuspended in a 10x 

Cell Resuspension Solution before being diluted to a final plating volume in human 

methylcellulose medium (HSC003, R&D Systems). Cells were seeded in duplicate and 

incubated for 14-16 days before scoring colonies.  

 

Flow Cytometry and FACS 

Flow cytometry analysis was performed on a BD LSR-II flow cytometer, and data files 

were analyzed with FlowJo software (Treestar). For analysis of phenotypic hematopoietic stem 

and progenitor cell regeneration, 2x106 regenerated cells from each treatment group were 

stained antibodies to mark phenotypic HSPCs and exclude mature lineage-marker expressing 

hematopoietic cells. Antibodies for FACS were purchased from eBiosciences unless otherwise 

indicated. The following antibodies were used: phycoerythrin (PE)-conjugated CD3, CD4, CD5, 

CD8 (BD Biosciences), Mac-1/CD11b, Gr-1, B220, and Ter119 (Lin marker cocktail); CD150-

Brilliant Violet (BV)-421 (BioLegend), Sca-1-PE-Cyanine (Cy)7, c-Kit-allophycocyanin (APC), 

and CD48-fluorescein isothiocyanate (FITC). All antibodies were used at 1:100 except Mac-1-

PE, Gr-1-PE, B220-PE (1:200) and CD150-BV-421 (1:50). Propidium iodide (PI) staining was 

used to exclude dead cells. Absolute CD150+LSK cells were determined by multiplying the 
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CD150+LSK cell proportion by the total BMC number in day 7 cultures for each experimental 

group. For human CB regeneration experiments, 2x105 CB cells were labeled with CD34-APC 

ad CD38-PE (both diluted at 1:25). Peripheral blood (PB) leukocytes from transplant recipients 

were labeled with Mac-1/Gr-1-PE (or CD3-PE in separate tubes) and B220-APC to identify 

multi-lineage hematopoietic cells. Overall donor engraftment was determined using GFP 

fluorescence and anti-Ly5.2-PECy7.  

 

Transplantation Studies 

Hematopoietic cells from day 7 cultures were collected as described above and 

transplanted into recipient mice via retro-orbital injection. 3,000 Ly5.2 GFP+ LSK cells or 4 x106 

total regenerated BM cells/recipient mouse were transplanted in PBS into C57Bl/6 mice 

preconditioned with 750 cGy cesium irradiation along with 75 x 103 non-irradiated carrier cells 

from C57Bl/6 mice unless otherwise noted. Recipients were followed for up to 30 weeks. For PB 

engraftment analysis, mice were anaesthetized with inhaled isoflurane and PB was collected 

from the retro-orbital venous plexus. Erythrocytes were sedimented in 3% dextran for 30 

minutes, supernatants collected, and erythrocytes further eliminated by hypotonic cell lysis 

using 0.2% NaCl. Peripheral blood repopulation and multilineage hematopoietic analysis in 

transplant recipients were performed as described above. For final BM engraftment analysis in 

HGF experiments, recipient mice were sacrificed after 30 weeks of engraftment, BM cells 

isolated, and labeled for HSPC analysis as described above. 

 

RNA Sequencing of Endothelial Cells 

For EC transcriptome sequencing experiments, EC monolayers were prepared exactly 

as described for regeneration assays. Four independent experiments were performed identically 

with fresh aliquots of cryopreserved EC and separate BM cell donors. Cultures were carried out 

for 24 h in the absence (EGM-2 media only) or in the presence of irradiated BM cells. Parallel 
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regeneration assays were carried out for a full 7 days to verify the success of hematopoietic 

regeneration. In the cultures used for RNA sequencing, BM cells and media were aspirated after 

24 h and EC monolayers quickly rinsed twice with ice cold PBS.  Following the second rinse, EC 

were scraped from tissue culture dishes and pelleted by centrifugation. EC pellets were 

resuspended in Trizol reagent for RNA extraction using an RNEasy Micro Kit (Qiagen). RNA 

was submitted to OHSU’s Massively Parallel Sequencing Core for library preparation and 

transcriptome sequencing. RNA-seq libraries were prepared using the standard TruSeq 

(Illumina) RNA-seq protocol. Poly(A)+ RNA was extracted from total RNA using oligo-dT-coated 

magnetic beads. The recovered poly(A)+ RNA was chemically fragmented. Fragmented RNA 

was enzymatically converted to double stranded cDNA using random hexamer primers. The 

resulting cDNAs were treated to remove any single stranded overhanging ends, then a single 

“A” nucleotide was added to the 3’ end of each strand. Illumina adaptors with indices were 

added to each cDNA, followed by a limited number of cycles of polymerase chain reaction 

(PCR). The final amplification product was examined on a Bioanalyzer (Agilent) for size, 

absence of adaptor dimers, and estimated concentration. The concentration of each library was 

verified by real time PCR on a StepOnePlus (LifeTechnologies). Libraries were mixed and 

diluted to a target concentration that generated approximately 180 million reads per lane on a 

single read flow cell. Multiplex sequencing was done on a HiSeq 2000 (Illumina). The base call 

files from the run were converted to fastq files and separated by sequencing barcode using the 

CASAVA package (Illumina). 

 

Endothelial transcriptome analysis 

Endothelial transcriptome analysis was performed by members of OHSU’s Department 

of Medical Informatics and Clinical Epidemiology. Quality Analysis and Control was performed 

on EC RNA-Seq data using FastQC v0.9.1 after filtering out low quality reads. Trimmed reads 

were aligned to the unmasked hg19 genome using bowtie v0.12.7 allowing for two mismatches. 
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Aligned reads were mapped to known transcripts using Rsamtools package (v1.4.1) from 

Bioconductor. Tags that had fewer than five counts across the four biologic replicates were 

excluded from analysis. Data were normalized using the Bioconductor package EdgeR v2.2.6 

and the upper quartile method. Sample quality was assessed by clustering count data for raw 

reads and normalized values. In addition, a distance analysis was performed of the biological 

coefficient of variation. These analyses resulted in close clustering of independent replicates 

and EC types, indicating the variability between replicates is low. Differential gene expression 

was analyzed using both negative binomial and generalized linear models. Tag-wise dispersion 

estimates increased with decreasing transcript expression by both methods. Tag-wise 

dispersion in the general linear model was closer to overall common dispersion estimates 

(0.004) when compared with the negative binomial approach. Batch effects were tested by 

comparing DE within four biologic replicates. Taking into account batch effects, the common 

dispersion was reduced to 0.002 and median tag-wise dispersion was 0.003. Differential gene 

expression was determined using the generalized linear model after adjustments for batch 

effects. DE genes were determined using an exact test and p-values adjusted for multiple 

testing using Benjamini and Hochberg’s approach for controlling the false discovery rate (FDR) 

(Benjamani & Hochberg, 1995). An FDR < 0.05 was considered statistically significant. 

 

Gene Set Enrichment Analysis (GSEA)  

GSEA software downloaded from the Broad website 

(http://software.broadinstitute.org/gsea/index.jsp) was used to determine gene set enrichment in 

EC RNA-Seq datasets. Analyses were performed using curated gene matrices that were either 

all-inclusive or hand-chosen to represent specific signaling pathways (e.g. gene sets reported to 

be modifiable through Akt or TGF-β1 signaling). Direct comparisons using all-inclusive gene 

matrices were made between HAEC-BM cell and HAEC+BM cells, as well as HUVEC-BM cells 

and HUVEC+BM cells, to determine whether exposure to regenerating hematopoietic cells 
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alters HAEC and HUVEC enriched gene sets differentially. In addition, specific gene matrices 

were used to compare HAEC-BM cell and HUVEC-BM cell expression, as well as HAEC+BM 

cell and HUVEC+BM cell expression, to determine whether Akt or TGF−β1 responsive gene 

sets were differentially enriched between HAEC and HUVEC at steady state, or in the presence 

of regenerating hematopoietic cells.  

 

Immunofluorescence Microscopy  

Immunofluorescence studies were performed on HAEC and HUVEC monolayers to 

detect Smad2/3 nuclear localization. Following 48 h of culture, EC monolayers were fixed in 4% 

PFA and immunostained with anti-Smad2/3 monoclonal antibody (clone D7G7, Cell Signaling 

Technologies) coupled with goat-anti-rabbit Cy3 secondary antibody. Cells were counterstained 

with Prolong Gold anti-fade reagent with DAPI (Invitrogen). Immunofluorescence staining was 

carried out per antibody manufacturer’s protocol. Images were acquired using a Zeiss Axiovert 

200 fluorescent microscope and an Axiocam MRM digital camera.  

 

Western Blotting 

Following growth factor stimulation or at various times during regeneration co-cultures, 

EC lysates were collected into lysis buffer containing 0.5 M Tris-HCl (pH 6.8), 10% glycerol and 

2% sodium dodecyl sulfate. For HGF stimulation experiments, EC were first serum starved 

overnight. Lysates were passed through an 0.5 mL insulin syringe 10 times to shear genomic 

DNA and 40 µg aliquots stored at -80oC. Samples were prepared for SDS-PAGE by adding 

bromophenol blue and 25 mM dithiothreitol. Antibodies were diluted according to manufacturer’s 

instructions in 5% BSA to probe for phospho c-Met (Y1234/1235), phospho-Akt (Ser473), total 

c-Met (clone H-190), or total Akt. All WB and IHC antibodies were purchased from Cell 

Signaling Technologies except for total c-Met, which was purchased from SantaCruz. Blots 
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were developed with SuperSignalTM West Femto Maximum Sensitivity Substrate 

(ThermoFisher), imaged with a BioRad ChemiDoc MP Imaging System, and analyzed using 

ImageJ. 

 

Statistical Analysis other than bioinformatics 

Data were analyzed using ANOVA or Student’s t-tests. Statistical significance was 

considered at α ≤ 0.05. 
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Results 

 

Heterogeneity in endothelial cell support of hematopoietic regeneration 

To identify mechanisms and mediators of EC-mediated hematopoietic regeneration, we 

screened primary human EC from different vascular sources in order to uncover functional 

differences in their regenerative capacity. Bone marrow (BM) cells isolated from g-irradiated (6 

Gy) mice were co-cultured in direct contact with aortic (HAEC), pulmonary artery EC (HPAEC), 

saphenous vein (HSaVEC) or umbilical vein (HUVEC) EC for 7 days (Figure 4-1A). Cell 

numbers declined within the first 24 h and then remained stable from days 1-3. By day 7, HAEC 

regenerated the greatest number of total hematopoietic cells (Figure 4-1B-C), linlo/- cells, and 

LSK (linlo/- Sca-1+ c-Kit+) cells (Figure 4-1D-F and supplemental Figure 4-8). Similar results were 

seen with HPAEC and HSaVEC; however, HUVEC supported significantly less hematopoietic 

regeneration under all conditions, with outcomes similar to No EC (Figure 4-1B-F and 

supplemental Figure 4-8). Functional studies revealed that HAEC regenerated BM cells 

contained 4-fold more colony forming activity in methylcelluose assays than HUVEC-

regenerated BM (Figure 4-1G).  

To directly determine if the hematopoietic regeneration potentials of HAEC and HUVEC 

were conserved in human hematopoiesis, CD34+ umbilical cord blood (CB) cells  were 

irradiated with 4 Gy and cultured in direct contact with HAEC or HUVEC (Figure 4-1H) as 

described by Chute and colleagues (Muramoto et al., 2006). Whereas total CB cell output was 

similar (Figure 4-1I), there was a significant increase in the frequency of primitive CD34+CD38- 

cells regenerated by HAEC (Figure 4-1J). Similarly, HAEC co-cultured CB cells produced 

significantly more hematopoietic colonies in methylcellulose than HUVEC co-cultured cells, 

including increased numbers of monocytic and erythrocytic progenitors (Figure 4-1K and 

supplemental Figure 4-8). Together, these studies highlight the deficiency in HUVEC-mediated 

human and mouse hematopoietic cell regeneration. 
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HUVEC fail to regenerate long-term functional HSC 

To evaluate the regeneration of long-term HSC, the frequency of CD150+CD48-LSK cells 

was determined in HAEC and HUVEC co-cultures. By day 5 of EC-mediated regeneration, 

virtually all CD150+LSK cells co-expressed CD48 (Figure 4-2A and supplemental Figure 4-9). 

Quantification of a HAEC regenerated CD150+LSK cells revealed a 3.5 fold higher number of 

these HSC that occurred primarily after 5 days. In contrast, there was survival but no expansion 

of CD150+LSK cells in the presence of HUVEC (Figure 4-2B). To directly test their long-term 

functional activity, equal numbers of GFP labeled LSK cells sorted from HAEC and HUVEC co-

cultures were transplanted into sublethally irradiated (7 Gy) mice (Figure 4-2C). Analysis of the 

peripheral blood at 4 weeks revealed 4-fold more donor-derived leukocytes in the recipients of 

HAEC-regenerated LSK cells compared to HUVEC-regenerated LSK cells. Over the next 

several months, the progeny of the HAEC regenerated HSC gradually increased reaching a 

mean of 22% of the total leukocytes while the progeny of the HUVEC regenerated HSC fell to 

0.4% of circulating cells (Figure 4-2D). Lineage analysis of the donor-derived cells at 20 weeks 

revealed that 15% of leukocytes were Mac-1+/Gr-1+ myeloid cells derived from the HAEC-

regenerated LSK cells (Figure 4-2E; supplemental Figure 4-9). By contrast, the majority of the 

recipients of HUVEC co-cultured LSK cells showed no detectable myeloid cells. Together, these 

results indicate that although HUVEC modestly support the regeneration of hematopoietic 

progenitor cells relative to cytokines alone, they do not support the maintenance or expansion of 

HSC with long-term, multi-lineage hematopoietic potential. Based on these findings, we 

hypothesized that uncovering the molecular basis for the differences between the HSC 

regeneration activity of HAEC and HUVEC may lead to the discovery of factors that regulate this 

process.  
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Marked heterogeneity exists between the HAEC and HUVEC transcriptomes 

To determine the identity of endothelial cell-derived factors that regulate hematopoietic 

regeneration we used RNA-Seq to profile the transcriptomes of HAEC and HUVEC after 24 h of 

culture. Median gene expression level (FPKM) across all 14,000+ unique transcripts was stable 

(supplemental Figure 4-10); however, HAEC and HUVEC had markedly heterogeneous gene 

expression. More than half (7,274) of all genes expressed in both HAEC and HUVEC were 

differentially expressed at a false discovery rate (FDR) <0.05 (Figure 4-3A). In addition, a 

subset of 961 genes were expressed only in HAEC or HUVEC. HUVEC were highly enriched in 

homeobox transcription factor expression relative to HAEC (supplemental Figure 4-11). There 

was a wide range of genes encoding soluble factors between HAEC and HUVEC. To identify 

candidates for hematopoietic regulation we queried genes encoding soluble factors that were 

≥2-fold overexpressed by either type of EC (Figure 4-3B). These included both known and novel 

candidate factors for regulating EC-dependent hematopoietic regeneration.  

A network analysis of the soluble factors overexpressed by either HAEC or HUVEC 

showed that their soluble factor production contributed to very divergent cellular responses. 

Whereas in HAEC G-protein coupled receptor and tyrosine receptor kinases were predicted to 

mediate signaling pathway activation, factors secreted by HUVEC were more highly linked with 

extracellular matrix proteins and developmental pathways (Figure 4-3C-D). Specifically, network 

analysis of HUVEC enriched for the TGF-β isoforms (Figure 4-3D). These results were 

supported by Gene Set Enrichment Analysis which identified both ECM remodeling pathways 

and TGF-β1 responsive genes as enriched within the HUVEC transcriptome at an FDRq<0.05 

(Table 4-1). Parallel analysis of EC gene set expression after exposure to irradiated bone 

marrow revealed a substantial enrichment for H3K27Me3-mediated chromatin modifications in 
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both HAEC and HUVEC (Table 4-2 and 4-3), suggesting that epigenetic modifiers are also key 

components in the endothelial cell response to hematopoietic injury. 

 

A TGF-β1 driven transcriptional program is highly active in HUVEC 

TGF-β is a potent mediator of stem cell quiescence through upregulation of the cell cycle 

inhibitor p57Kip (Scandura et al., 2004). The functional deficit in regenerating HSC observed in 

HUVEC suggests that they overexpress inhibitory factors of hematopoietic regeneration. 

Analysis of the differential gene expression profiles indicates that TGFB1 and TGFB2 are 

significantly overexpressed in HUVEC compared to HAEC (Figure 4-4A). Consistent with this, 

significantly more TGF-β1 protein was present in HAEC conditioned by ELISA (Figure 4-4B). 

TGF-β signaling has been implicated in disorders of vascular dysfunction (McAllister et al., 

1994; Neptune et al., 2003; Ogo et al., 2013); therefore, we investigated whether TGF-β 

autocrine signaling was also hyperactive in HUVEC relative to HAEC. Indeed, higher levels of 

Smad2/3 nuclear localization and phosphorylation at Ser423/5 were found in HUVEC relative to 

HAEC (Figure 4-4C), and significantly increased TGF-β1-response gene expression was 

detected in HUVEC by both GSEA and qRT-PCR (Figure 4-4D-E). Based on our findings of 

increased TGF-β signaling in HUVEC, we hypothesized that it may also have an important role 

in regulating endothelial-dependent hematopoietic regeneration. 

 

TGF-β1 suppresses endothelial cell-dependent HSC regeneration 

To determine the effects of TGF-β1 signaling on hematopoietic regeneration, EC-HSC 

co-cultures were treated with recombinant human TGF-β1 or the ALK5 small molecule inhibitor, 

SB431542. Modulation of TGF-β signaling in both HAEC and HUVEC co-cultures had dramatic 

effects on total hematopoietic cell regeneration and on the regeneration of CD150+LSK cells 

(Figure 4-5). Doses of TGF-β1 ≥10 ng/mL reduced total hematopoietic cell regeneration in 
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HAEC supported cultures by 60% (Figure 4-5A) and Linlo/- cells by 50% (supplemental Figure 4-

12). TGF-β1 strongly inhibited CD150+LSK cell regeneration in a dose-dependent manner, 

reducing the frequency of these cells by 84% to a level similar to that observed in the absence 

of EC (Figure 4-5B-C). These findings indicate that TGF-β1 inhibits the regeneration of both 

total hematopoietic cells and phenotypically defined LT-HSC. To determine whether 

suppressing TGF-β1 signaling in HUVEC improves HUVEC’s ability to support hematopoietic 

regeneration, SB431542 an inhibitor of ALK5 was added to HUVEC co-cultures. Treatment with 

SB431542 resulted in dose-dependent increases in the number of total BM cells and 

CD150+LSK cells similar to levels seen in HAEC co-cultures (Figure 4-5D-F). These results 

reveal that TGF-β1 is a potent, yet reversible suppressor of endothelial-dependent 

hematopoietic regeneration. 

To determine whether TGF-β1 suppresses endothelial-mediated regeneration of 

hematopoietic cells after injury, we studied the EC-autonomous effects of TGF-β1. EC were 

pretreated with TGF-β1 for 24 h, followed by washout before the addition of bone marrow cells 

(Figure 4-5G). Although pre-treatment of EC with TGF-β1 did not cause a decrease in total BM 

cell regeneration (Figure 4-5H), pre-treatment of EC resulted in greater production of TGF-β1 

during co-culture (supplemental Figure 4-12) and a significant reduction CD150+LSK cells 

regeneration (Figure 5I-J). Similar to our findings with continuous exposure to TGF-β1, the 

frequency of CD150+LSK cells was similar to hematopoietic cells cultured in the absence of EC 

(Figure 4-5 I compared with B&E). To test their multilineage hematopoietic potential, LSK cells 

were sorted from HAEC or TGF-β1 pretreated HAEC co-cultures and transplanted with 

competitor bone marrow into lethally irradiated recipients (Figure 4-5K). Strikingly, there was a 

10-fold reduction in peripheral blood repopulation by LSK cells regenerated by HAEC pre-

treated with TGF-β1 (Figure 4-5L). Multilineage analysis revealed a similar frequency of donor-

derived B-cells, T-cells and myelomonocytic cells indicating that the inhibitory effects of TGF-β1 
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on HAEC-mediated regeneration were not lineage-specific (Figure 4-5M). These results 

demonstrate the existence of a novel, EC-intrinsic suppressive effect of TGF-β1 on 

hematopoietic regeneration.   

 

HGF enhances hematopoietic regeneration by the vascular niche 

The differential gene expression profiles between HAEC and HUVEC prompted us to 

evaluate factors overexpressed by HAEC to determine their potential to enhance HSC 

regeneration. To identify candidate factors, we queried differentially expressed genes that 

encoded known receptor ligands and were ≥2-fold overexpressed in HAEC relative to HUVEC. 

This analysis revealed several candidates that were overexpressed in HAEC (Figure 4-3). We 

focused on hepatocyte growth factor (HGF), a cytokine broadly implicated in angiogenesis and 

tissue regeneration (Aoki et al., 2000; Taniyama et al., 2001), that was overexpressed by 7.6-

fold in HAEC (FDR=3e-5). Consistent with this, HGF was readily detected in HAEC conditioned 

media but not in media from HUVEC cultures (Figure 4-6A). In addition, HGF activated c-Met 

and Akt phosphorylation in both HAEC and HUVEC (Figure 4-6B), and partially inhibited Smad 

phosphorylation in response to TGF-β1 stimulation in HUVEC (Figure 4-6C). To directly 

determine whether HGF could enhance HSC regeneration, co-cultures were treated with HGF. 

While the addition of HGF to HUVEC co-cultures did not alter total hematopoietic regeneration 

or Linlo/- cell regeneration (supplemental Figure 4-13), HGF treatment led to greater 

regeneration of both LSK and CD150+LSK subsets (Figure 4-6D and supplemental Figure 4-13). 

Notably, there was a marked enrichment of CD150+ cells that approached the levels seen in 

HAEC co-cultures (Figure 4-6E). The expansion of total CD150+LSK cells was abolished by 

treatment with the c-Met inhibitor, PF04217903 (Figure 4-6D-E). Notably, HGF treatment of BM 

cells cultured in the absence of EC did not enhance HSC regeneration (Figure 4-6D), nor did 
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adding HGF to HUVEC-conditioned media. (Figure 4-13). Together, these findings indicate that 

HGF participates in an endothelial cell autocrine loop that enhances HSC regeneration.  

To confirm HGF enhanced the regeneration of functional HSC, we transplanted 

regenerated BM cells from HAEC, HUVEC, or HUVEC+HGF co-cultures and monitored long-

term, multi-lineage hematopoietic reconstitution (Figure 4-6F). Consistent with their ability to 

regenerate 10-fold more phenotypic CD150+LSK cells, HGF treated HUVEC co-cultures had 

significantly higher levels of long-term, multi-lineage repopulating HSC (Figure 4-6G-H). 

Treatment of HUVEC co-cultures with HGF was also sufficient to maintain myeloid cell 

reconstitution, which was typically lost by co-culture with HUVEC in the absence of HGF (Figure 

4-6E-G and Figure 4-2E). To determine whether HGF increases the engraftment potential of LT-

HSC, we evaluated donor-derived cells in the bone marrow of recipient mice >30 weeks 

following transplantation (Figure 4-6I-J). Strikingly, only recipients transplanted with HSC that 

were regenerated in HAEC or HUVEC+HGF co-cultures had readily detectable donor-derived 

cells within recipient bone marrow (Figure 4-6J). In summary, these data show that TGF-b1 

directs a transcription program that inhibits HSC regeneration in part by EC-autonomous 

mechanisms (Figure 4-7). Reversing the effects of TGF-β1 and other HUVEC-derived factors by 

targeting EC with HGF enhances the regeneration of long-term multi-lineage repopulating HSC. 

Therefore, specific targeting of endothelial cells during hematopoietic regeneration could 

potentially reverse bone marrow suppression and improve functional LT-HSC regeneration. 
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Discussion 

Vascular EC are essential components of the hematopoietic microenvironment (Ding et 

al., 2012; Hooper et al., 2009; Kiel et al., 2005b), and have the capacity to regenerate 

hematopoiesis and HSC in vitro and in vivo (Chute et al., 2007; Kobayashi et al., 2010; Li et al., 

2010; Montfort et al., 2002; Muramoto et al., 2006; Zachman et al., 2013). However, little is 

known about the molecular cross-talk underlying these interactions. Here we have used the 

functional and molecular heterogeneity of EC to identify growth factors that activate or inhibit 

endothelial-dependent HSC regeneration. Using this approach, we uncover a novel, EC-

autonomous, inhibitory effect of TGF-β1 on the vascular niche for HSC (Figure 4-7). 

Furthermore, our data also indicate that targeting vascular EC in the hematopoietic 

microenvironment with HGF can inhibit TGF-β1 signaling in EC and enhance their ability to 

regenerate HSC.  

We previously showed that HAEC possess the capacity to regenerate self-renewing 

multi-lineage HSC in co-culture regeneration assays (Zachman et al., 2013). Consequently we 

screened a panel of primary EC sources to search for potential functional heterogeneity 

between arterial and venous endothelium.  The capacity of HAEC, HPAEC and HSaVEC to 

regenerate total hematopoietic cells, LSK cells and colony-forming activity was remarkably 

similar. By contrast, HUVEC consistently showed significantly diminished regeneration activity 

although it was clearly superior to the absence of EC. Similar differences were seen when the 

potential of HAEC and HUVEC to regenerate umbilical cord blood-derived CD34+ hematopoietic 

progenitor cells was evaluated. These marked differences in functional activity between HAEC 

and HUVEC provided us with a unique tool to explore the EC-mediated signals that regulate 

hematopoietic regeneration. 

Transcriptome profiling of HAEC and HUVEC revealed that although both EC types 

share many transcriptome responses following exposure to irradiated BM cells, the hyperactive 
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TGF-β1 response in HUVEC inhibits their ability to mediate the regeneration of CD150+LSK 

cells. Full inhibition of TGF-β1 signaling in HUVEC-BM cell co-cultures restored hematopoietic 

regeneration to levels seen with HAEC.  Conversely, activing TGF-β1 signaling in HAEC co-

cultures completely blocked their ability to regenerate HSC. Taken together these results 

indicate that TGF-β1 is both necessary and sufficient to inhibit endothelial-dependent HSC 

regeneration. 

These findings are consistent with recent studies which show that the immediate 

inhibition of TGF-β1 has a protective effect on bone marrow suppression after ionizing radiation 

(Zhang et al., 2013a) and chemotherapy (Brenet et al., 2013). Furthermore, a recent report 

showed that blockade of a hyperactive TGF-β1 response in Fanconi Anemia HSPC improves 

survival after mitomycin C challenge by activating homologous recombination DNA repair 

(Zhang et al., 2016). In agreement with these studies, TGF-β1 treatment of irradiated BM cell 

cultures significantly increased HSC regeneration; however, the absolute regeneration of HSC 

was still much lower than in the presence of EC (data not shown). Notably, TGF-β1 induced a 

substantial phenotypic shift in the HSPC pool. This included a loss of CD150+HSC and an 

accumulation of LSK cells, which occurred concomitantly with a decrease in total hematopoietic 

cell regeneration. These results indicate that in the setting of hematopoietic regeneration, TGF-

β1 may have dual effect on the hematopoietic compartment. Namely, it depletes LT-HSCs while 

simultaneously inhibiting the expansion of HSPC to repopulate the hematopoietic compartment.   

Importantly, in these studies we have identified an EC-autonomous effect by which TGF-

β1 suppresses hematopoiesis. Using a modified regeneration assay in which only EC were 

treated with TGF-β1, we noted a marked (70%) reduction in LT-HSC regeneration. The loss of 

CD150 expressing HSC results in 10-fold lower engraftment potential and early hematopoietic 

reconstitution by LSK cells isolated from co-cultures in which EC were pre-treated with TGF-β1. 

Notably, total hematopoietic cell regeneration was unaffected in this setting, indicating that 
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CD150+ LT-HSCs are selectively depleted when EC are inhibited by TGF-β1 signaling. 

Together, these findings establish a previously unknown suppressive role of TGF-β1 on HSC 

regeneration by vascular EC.  

 Our results indicate that EC-derived TGF-β1 can suppress hematopoietic regeneration 

by both autocrine and paracrine mechanisms. The effects of TGF-β1 on HSC are well described 

and involve cell cycle regulation through induction of cell cycle inhibitors and preventing lipid raft 

clustering of hematopoietic cytokine receptors (Chabanon et al., 2008; Keller et al., 1990; Ohta 

et al., 1987; Scandura et al., 2004; Yamazaki et al., 2009). Importantly however, TGF-β1 effects 

cannot be generalized to all HSC, as upper and lower side population LT-HSC with different 

myeloid and lymphoid biases are differentially affected by TGF-β1 (Challen et al., 2010). In 

contrast, the specific effects of TGF-β1 on bone marrow EC during steady state or regenerative 

hematopoiesis have not been established. TGF-β1 plays important roles in angiogenesis in 

some contexts (Carmeliet and Jain, 2011); however, can also block EC proliferation through 

activation of ALK5 (Goumans et al., 2003). In the bone marrow, type H EC express high levels 

of Tgfb1 and Tgfb3, have recently been shown to be responsible for repopulating the bone 

marrow sinusoidal capillary network after injury (Kusumbe et al., 2014). This may support a pro-

angiogenic, yet hematopoietic-suppressive role of TGF-β1 in the repopulation of the bone 

marrow cavity with sinusoids. Alternatively, several studies have shown that TGF-β1 mediated 

endothelial-to-mesenchymal transition (EndMT) can promote vascular dysfunction and increase 

organ fibrosis following injury (Krenning et al., 2010; Xu et al., 2015; Zeisberg et al., 2008; 

Zeisberg et al., 2007). Suprisingly, EndMT has not yet been studied as a potential mechanism 

of hematopoietic dysfunction or bone marrow fibrosis. 

 Enhancing the function of the vascular niche has the potential to improve HSC 

regeneration. Importantly, using HAEC as a model we have also identified a number of factors 

that may promote EC function after bone marrow injury. HGF was one of approximately 20 
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soluble factors overexpressed ≥2-fold in HAEC relative to HUVEC and has potent effects on 

hematopoietic regeneration. Addition of HGF to HUVEC co-cultures enhanced CD150+LSK cell 

regeneration >10-fold and significantly improved long-term peripheral blood repopulation and 

bone marrow engraftment. In support of this, HGF rapidly activated Akt phosphorylation and 

prevented Smad2/3 activation in TGF-β1 stimulated EC. Interestingly however, HGF had no 

effect on HSC regeneration in the absence of EC. HGF is known to promote EC function at sites 

of revascularization after ischemia (Aoki et al., 2000; Taniyama et al., 2001) and can prevent 

apoptosis in irradiated EC in vitro (Hu et al., 2009), supporting its role as an EC growth factor 

during hematopoietic regeneration.  

  Together, these data establish a novel role for the regulation of EC-dependent HSC 

regeneration by EC autocrine loops. We show that EC derived from aorta overexpress HGF and 

other cytokines that have the potential to enhance the regeneration of irradiated HSC in co-

culture. In contrast, we have also uncovered a strongly suppressive role of EC-derived TGF-β1 

to inhibit HSC regeneration. In addition to its direct role on HSC, TGF-β1 also markedly reduces 

the ability of EC to support HSC regeneration, which results in LT-HSC differentiation and loss 

of repopulating potential. These results expand our knowledge of the regulation of bone marrow 

microenvironment, and suggest that targeting vascular EC is a promising approach for 

maximizing HSC regeneration after injury.  
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Figure 4-1: Heterogeneity in endothelial cell support of hematopoietic regeneration. (A) 

Bone marrow (BM) cells from mice exposed to 6 Gy total body irradiation were cultured in 

hematopoietic cytokines ± direct contact with primary human EC from different vascular 

sources, including aorta (HAEC), saphenous vein (HSaVEC), pulmonary artery (HPAEC), and 

umbilical vein (HUVEC). Hematopoietic regeneration was measured over 7 days. (B) Kinetics of 

hematopoietic cell regeneration. (C) Total hematopoietic cell regeneration at day 7 was higher in 

HAEC, HSaVEC, and HPAEC co-cultures relative to HUVEC and No EC. (D) Flow cyotometry 

analysis of stem and progenitor cell markers on hematopoietic cells after 7 days of co-culture. 

Using these markers we noted differential regeneration of (E) lineagelo/- hematopoietic cells and 

(F) stem and progenitor (Linlo/- c-Kit+ Sca-1+; LSK) cells. (G) Hematopoietic progenitor colony 

forming capacity in methylcellulose. Data are mean ± S.E.M. from 4 replicate experiments. 

Panels H-K: Heterogeneity in EC support of human hematopoietic regeneration. (H) Purified 

CD34+ cord blood (CB) cells were irradiated ex vivo with 4 Gy and  co-cultured with EC for 10 

days. HAEC and HUVEC supported the regeneration of similar numbers of total cells (I), but 

HAEC regenerated more CD34+38- CB cells (J) and functional progenitor cells (K) as assessed 

by colony-forming assays. Data are mean ± S.E.M. from n=5 biologic replicates. *p<0.05, 

**p<0.01, ***p<0.001 for comparison indicated, #p<0.05 versus all EC. 
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Figure 4-2: HUVEC fail to regenerate long-term functional HSC. (A) Frequency of SLAM 

markers CD150 and CD48 on LSK cells co-cultured with HAEC or HUVEC for 7 days. Whereas 

CD48 was expressed on virtually all LSK cells in both conditions, HAEC co-cultured LSK cells 

expressed higher levels of CD150.  (B) Kinetics of CD150+LSK cell regeneration by HAEC and 

HUVEC indicating that HUVEC fail to support HSC expansion in co-culture. (C) Transplantation 

setup to compare long-term hematopoietic function of LSK cells regenerated by HAEC versus 

HUVEC. (D) Peripheral blood production by transplanted GFP+LSK cells in n=7 recipients/group 

throughout the first 20 weeks of engraftment. HUVEC fail to support long-term functional HSC 

regeneration. (E) HUVEC co-cultured HSPC lose multi-lineage hematopoietic potential following 

long-term engraftment. Diamonds represent individual mice. Data are presented as mean ± 

SEM. *p<0.05, **p<0.01, ***p<0.001 for HAEC vs HUVEC groups. 
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Figure 4-3: Dynamic transcriptional changes occur in both HAEC and HUVEC during 

hematopoietic regeneration.  (A) Overview of experiment to determine the endothelial cell 

transcriptome that mediates LT-HSC regeneration and investigate changes induced by injured 

BM cells in EC. (B) Box plots of all transcripts in HAEC and HUVEC in the absence or presence 

of BM cells. (C) GSEA was used to gene sets that were altered in HAEC and HUVEC in 

response to injured BM cells. Chemokine and G-protein coupled receptor related gene sets 

were highly induced in both HAEC and HUVEC by injured BM cells. (D) Representative leading 

edge chemokines induced in EC. (E) Soluble factors from HAEC and HUVEC conditioned 

media (CM) provide a survival benefit relative to cytokines alone, but are not sufficient for full 

hematopoietic regeneration. (G) Hematopoietic regeneration by HAEC depends on proximity 

between EC and IR-BM. *p<0.05 for comparisons indicated.  
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Figure 4-4: A TGF-β1 driven transcriptional program is hyperactive in HUVEC.  (A) TGFB1 

and TGFB2 transcripts are significantly overexpressed in HUVEC relative to HAEC. (n=4 

replicates/group). (B) HUVEC secreted nearly 2-fold more active TGF-β1 into conditioned media 

after 4 days of culture. (C) HUVEC display greater nuclear Smad2/3 localization and a greater 

proportion of Smad2/3 is phosphorylated at Ser 423/5 relative to HAEC. (D) GSEA identification 

of TGF-β1 responsive gene programs highly enriched in HUVEC. (E) HUVEC overexpress a 

panel of TGF-β1 responsive genes by RNA-Seq and validated with qRT-PCR (not shown). 

*p<0.05, ***p<0.001 for comparison indicated. 
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Figure 4-5: TGF-β1 suppresses endothelial-dependent HSC regeneration.  Increasing 

doses of TGF-β1 in HAEC co-cultures resulted in (A) significantly reduced hematopoietic cell 

regeneration, (B) a significant reduction in the number of LSK cells expressing CD150, and (C) 

completely abolished phenotypic HSC regeneration. (D-F) Opposite effects were observed 

using the ALK5 inhibitor SB431542. TGF-β receptor signaling inhibition (D) increased total 

hematopoietic regeneration, (E) strongly enhanced the proportion of regeneration LSK cells that 

express CD150, and (F) increased HSC regeneration in a dose-dependent manner. (G) 

Schematic depicting pre-treatment model for testing EC-autonomous effects of TGF-β1. Pre-

treating EC with TGF-β1 did not change total hematopoietic cell regeneration (H) but resulted in 

a significant decrease in CD150+LSK cell regeneration (I) through reduced CD150 expression 

on LSK cells (J). This led to a significant decline in engraftment and repopulation potential of 

LSK cells sorted from HAEC regeneration co-cultures (K-L) without affecting multi-lineage 

hematopoietic potential (M) for up to 12 weeks following transplantation (n=6-7 mice/group, 

diamonds are individual mice). Results are mean ± SEM from 3 independent experiments. 

*p<0.05, **p<0.01, ***p<0.001 for comparison indicated.  
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Figure 4-6: Hepatocyte growth factor enhances endothelial-dependent LT-HSC 

regeneration. (A) HGF protein and transcript (not shown) are overexpressed in HAEC 

compared to HUVEC. (B) HGF rapidly activates c-Met and Akt HAEC and HUVEC. (C) HGF 

partially inhibits TGF-β1 induced Smad2/3 phosphorylation in HUVEC. (D) Treatment of HUVEC 

regeneration co-cutlures with HGF enhanced HSC regenreation in a c-Met dependent manner. 

Notably HGF did not alter HSC regeneration in the absence of EC. (E) HGF enhances 

hematopoietic regeneration by increasing CD150 expression on LSK cells (n=3 independent 

experiments). F-J: HGF enhances engraftment and long-term tri-lineage hematopoieiss by 

HUVEC-regenerated HSPC. (F) Transplantation schema to determine long-term in vivo function 

of HSC regenerated by HAEC, HUVEC, or HUVEC+HGF. Treatment with HGF during 

regeneration enhanced hematopoiesis (G) and restored multi-lineage hematopoietic potential 

(H) of HUVEC-regenerated HSPC. (I) Long-term HSC bone marrow engraftment was 

determined by flow cytometry for donor-derived CD150+CD48-LSK cells >30 wk after 

transplant. (I) Frequency of donor-derived HSC engrafted in recipient bone marrow after 

different regenerative conditions. Data are mean ± SEM. *p<0.05 for comparison indicated. 
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Figure 4-7: Proposed model for the effects of TGF-β1 and HGF on HSC regeneration by 

vascular EC. Diagrams depicting the effects of TGF-β1 and HGF on EC-dependent 

regeneration as supported by these studies. Left panel showing a suppressed vascular EC 

niche: After bone marrow injury, TGF-β1 levels are elevated with several potential cellular 

sources including EC, megakaryocytes, and non-myelinating Schwann cells. TGF-β1 activates 

Smad2/3 phosphorylation and TGF-β1 responsive gene expression in EC. TGF-β1 signaling in 

EC prevents their support of HSC self-renewal and instead promotes CD150+LSK cell 

differentiation. Right panel depicting a regenerative vascular EC niche: Elevations of TGF-β1 

and TGF-β1 signaling in EC are offset by the production or treatment with pro-regenerative 

growth factors such as HGF. HGF activates c-Met and AKT signaling while also preventing 

Smad2/3 activation and nuclear translocation by TGF-β1. These effects enhance CD150+LSK 

cell self-renewal and regeneration by a regenerative vascular EC niche. 
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Figure 4-8, related to Figure 4-1. (A) Kinetics of Lineagelo/- hematopoietic cell regeneration 

with EC from aorta (HAEC), saphenous vein (HSaVEC), pulmonary artery (HPAEC), umbilical 

vein (HUVEC), or in the absence of EC (No EC). (B) Kinetics of LSK cell regeneration under 

same conditions as (A). Data are mean ± SEM from 4 independent experiments. (C) 

Representative results from colony formation assays with human cord blood (CB) progenitor 

cells showing increased erythroid blast forming units (BFU-E, arrows) after HAEC regeneration.  
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Figure 4-9; related to Figure 4-2. (A) Frequencies of MPP, HPC-1, HPC-2, and SLAM-HSC  at 

the onset of co-culture (Input, In.) and throughout regeneration (days 1,3,5, and 7). Results 

show mean ± SEM from 4 independent experiments. (B) Peripheral blood multi-lineage 

hematopoietic repopulation by HAEC or HUVEC–regenerated LSK cells. Data for individual 

recipient mice are shown (n=7/group). HUVEC-regenerated LSK cells were more variable in T 

cell and myeloid cell production. By 12 weeks of engraftment, 3/7 mice transplanted with 

HUVEC LSK cells had undetectable donor derived peripheral blood leukocytes, and an 

additional 2/7 mice lost myeloid cell repopulating capacity by week 12. 
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Figure 4-10; related to Figure 4-3. (A) Box and whisker plot of gene expresion in HAEC and 

HUVEC in the absence or presence of irradiated BM cells. There was no significant change in 

median gene expresion between conditions. There was no difference in (B) total EC numbers or 

(C) EC viability between the 4 different groups submitted for RNA Sequencing. (D) Hierarchical 

clustering and (E) multidimensional scaling (MDS) plot showing tight clustering between RNA 

Sequencing biological replicates. 
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Figure 4-11; related to Figure 4-4. (A) Transcription factor profiling in HAEC and HUVEC 

showing the most highly differentially expressed transcription factors at a fold change >10. 

HUVEC heavily enriched for homeobox transcription factors expression. 
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Figure 4-12; related to Figure 4-5. (A) TGF-β1 decreased Lineagelo/- hematopoietic cell 

regeneration in HAEC co-cultures; however led to an increase of LSK cells (B) due to 

enrichment in c-Kit expression (data not shown). (C) Inhibition of TGFβ receptor signaling with 

SB431542 had dose-dependent effects on Linlo/- cell regeneration and (D) LSK cell 

regeneration, potentially due to the dual effects of SB431542 on ALK1 and ALK5 signaling in 

EC. (E-F) Linlo/- cell (E) and LSK cell (F) regeneration by HAEC and HUVEC in the EC TGF-β1 

pre-treatment assay. TGF-β1 pretreatment led to small but significant increases in Linlo/- 

regeneration  and LSK cell regeneration by HUVEC. (G) Pre-treatment of HAEC with TGF-β1 

led to significantly increased production of TGF-β1 in co-culture at day 5. 
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Figure 4-13, related to Figure 4-6. HGF had selective effects on stimulating HSPC 

regeneration. (A) total hematopoietic cells were largely unaffected and there was even a trend 

for decreasing total cellularity with the addition of HGF. (B) Linlo/- cell regeneration was 

unaffected. (C) HGF treatment enhanced LSK cell regeneration by HUVEC. (D) Conditioned 

media studies indicate that HGF does not work in combination with soluble factors from HUVEC 

to enhance HSC regeneration. Data are mean ± SEM. * p<0.05 for comparison indicated. 
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Chapter 5: “New Insights” 
Discussion and Conclusions 
 
  
Part 1: Introduction 
 
 
Part 2: A platform to study endothelial-dependent hematopoietic regeneration 

Aortic endothelial cells regenerate and repair HSC in co-culture 
 The clinical utility of EC-derived factors for HSC regeneration 
 
 
Part 3: Vascular endothelial cell heterogeneity takes center stage 
 HUVEC have inferior HSC regeneration activity 
  
 
Part 4: TGF-β1: A negative regulator of endothelial-dependent HSC regeneration 
 TGF-β1 inhibits regeneration of HSC by vascular EC  

Sources and signaling of TGF-β1 in the bone marrow microenvironment 
EC-autonomous effects of TGF-β1 

 
 
Part 5: Identification and functional significance of positive regulators of endothelial-
dependent HSC regeneration 
 Hepatocyte Growth Factor  
 
 
Part 6: Heal the soil: Targeting the niche to enhance hematopoietic regeneration 

HAEC and HUVEC as surrogates for bone marrow EC 
 - Arterial versus venous vascular EC 
 - Bone marrow type H EC 
 - Acute and long term vascular injury 
A paradigm shift is needed in designing therapies for hematopoietic injury 

 A precautionary note on using EC-targeted therapy in hematologic malignancies 
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Part 1: Introduction 

The goal of this work has been to better understand the mechanisms by which ECs 

promote HSC regeneration and to identify specific factors responsible for regulating this 

process. HSC rely heavily on vascular EC for homing, quiescence, self-renewal, and to promote 

hematopoietic regeneration after injury (Ding et al., 2012; Hooper et al., 2009; Sipkins et al., 

2005). Importantly, vascular injury is also occurs in the settings of chemotherapy or exposure to 

ionizing radiation, which limits the regeneration of hematopoiesis (Hooper et al., 2009). It is 

predicted then, that regulators of the niche after will ultimately influence HSC regeneration and 

long-term function. The research presented here leveraged molecular and functional 

heterogeneity in vascular EC to identify factors that regulate endothelial-dependent 

hematopoietic regeneration. My studies have uncovered a novel role of TGF-β1 in suppressing 

HSC regeneration by blocking the function of vascular EC, and have identified several 

candidate EC-derived factors (including HGF) that may be used to enhance endothelial-

dependent HSC regeneration. In this chapter, I discuss the implications of these findings with 

respect to hematopoietic regeneration in vivo. Specifically, I will cover the clinical utility of 

vascular EC-derived factors for hematopoietic regeneration, the cellular sources and effects of 

bone marrow TGF-β1 and HGF in vivo, and how this research informs the approach to therapy 

in hematopoietic regeneration and hematologic malignancies. 
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Part 2: A platform to study endothelial-dependent HSC regeneration 

 To better understand the mechanisms regulating hematopoietic regeneration, my initial 

studies were aimed at establishing a system that allowed precise investigation into the 

interactions between HSC and EC. To this end, a co-culture system was established and 

validated in vivo for functional HSC regeneration by vascular EC. The establishment of this 

assay was the focus of Chapter 3 of this dissertation and has been the basis for identifying and 

functionally testing EC derived factors that influence HSC regeneration.  

 

Aortic endothelial cells regenerate and repair HSC in co-culture 

Using the co-culture system we were able to establish several important findings. The 

regeneration of HSC in direct contact co-culture with HAEC resulted in a >20-fold expansion of 

HSC that were able provide long-term multi-lineage hematopoietic reconstitution in irradiated 

recipients. HAEC-regenerated HSC were self-renewing as evidenced by their serial 

repopulating capacity. Furthermore, these studies established for the first time that co-culture 

with vascular EC leads to a rapid resolution of DNA damage markers (γH2AX foci) and an 

overall reduction in DNA damage (Comet assay) in HSPC co-cultured with HAEC in comparison 

with hematopoietic cytokines only. To the best of my knowledge, this was the first data to show 

that the DNA damage response by HSC can regulated in a non-cell autonomous manner. 

Dormant HSC are known to accumulate DNA damage that is repaired on entry into the cell 

cycle (Beerman et al., 2014); however, using Ki67 and Hoechst33342 staining I have also 

shown that the proportion of HSPC in S/G2/M phases of the cell cycle does not significantly 

increase in EC co-cultures relative to cytokines alone until 72 hours of regeneration, which is 

longer than these cells took to resolve DNA damage. Therefore, these data suggest that EC 

may stimulate DNA damage repair that is independent of the cell cycle status of HSC. Further 
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studies are needed to determine the type of DNA damage response injured HSCs utilize in the 

presence of EC. The relative utilization of NHEJ or HDR by regenerating HSC could be 

determined using HSC isolated from Ku70/80 or BRCA knockout mice, respectively.  

Furthermore, the potential link between HSC DNA damage repair to cell cycle status could be 

more precisely understood with tightly controlled temporal studies in co-culture. 

 

The clinical utility of EC-derived factors for hematopoietic regeneration 

As a part of these initial studies, the clinical utility of EC as tools for hematopoietic 

regeneration was also investigated. Remarkably, we found that there is at least a 48 hour 

window of opportunity following irradiation during which starting co-culture with EC can 

regenerate functional repopulating HSC. In addition to the potential role of EC or EC-derived 

factors in preventing cytopenias associated with cancer therapies, this finding strongly endorses 

their use as treatments for unintended ionizing radiation exposure, when it may take hours or 

days for an irradiated patient to receive care. I also directly compared the efficacy of HAEC-

derived support to that of G-CSF on HSC regeneration. As discussed in Chapter 1, G-CSF is 

routinely used to prevent neutropenia in myelosuppressed patients. However, my studies 

showed that G-CSF treatment does not improve the regeneration of HSC directly, as treatment 

of regenerating BM cultures with G-CSF significantly depleted CD150+LSK cells relative to EC 

co-culture. These data suggest that optimal HSC recovery during in vivo treatment with G-CSF 

is dependent on support of HSC self-renewal by the niche. These findings are of particular 

importance, given the destructive effects of cytotoxic therapies on the bone marrow vasculature 

(Brenet et al., 2013; Hooper et al., 2009) and the microenvironment as a whole (Cao et al., 

2011). Indeed, it was recently published that treatment with G-CSF in the context of ionizing 

radiation injury can exacerbate long-term HSC dysfunction (Li et al., 2015). Together with the 
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data from Chapter 3, these findings highlight the importance of improving current therapies for 

hematopoietic injury by restoring the function of the injured microenvironment and niches for 

HSC.  
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Part 3: Vascular endothelial cell heterogeneity takes center stage 

 The studies described above emphasize the essential role of vascular EC in HSC 

regeneration, and support the notion that identifying factors to regenerate HSC is a clinically 

important goal. With this in mind, my next set of studies was focused the identification of factors 

that regulate endothelial-dependent HSC regeneration. A difficulty in identifying these factors 

successfully is that vascular EC are functionally and molecularly heterogeneous. Whereas they 

were once thought to act only as passive conduits for nutrient delivery, vascular EC are now 

known to perform essential stem cell niche roles in tissues throughout the body (reviewed in 

(Rafii et al., 2016)]. Their regulation of a diverse set of processes across multiple organs 

requires that EC be functionally and molecularly dynamic cells (Aird, 2012). Gene expression 

profiling studies have shown that there is substantial transcriptional heterogeneity in EC isolated 

from different vascular beds throughout the body (Chi et al., 2003). Moreover, recent studies are 

beginning to uncover several types of vascular EC in the bone marrow, which are differentially 

regulated during hematopoietic regeneration and have distinct effects on HSC function (Itkin et 

al., 2016; Kusumbe et al., 2014). We hypothesized that a better understanding of this EC 

heterogeneity could lead to the identification of secretory products that regulate EC-dependent 

HSC regeneration.  

 

HUVEC have inferior HSC regeneration activity 

To identify the contribution of EC heterogeneity to HSC regeneration following radiation 

injury, I screened vascular EC derived from several sources using the co-culture assay. 

Whereas the majority of EC tested strongly promote HSC regeneration in co-culture, HUVEC 

had greatly reduced capacity to support hematopoietic regeneration. HUVEC were markedly 

deficient in regenerating phenotypic HSC (CD150+LSK cells) relative to highly regenerative 

HAEC. These findings were supported functionally in transplantation studies, that showed 

HUVEC-regenerated HSC are largely unable to provide long-term hematopoiesis after 
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transplantation, with a specific deficit in myelopoiesis. To better understand some of the cellular 

mechanisms responsible, I performed conditioned media and transwell studies. The results 

indicated that although soluble factors from HAEC and HUVEC can provide HSPC with a similar 

survival advantage in co-culture, the full regenerative and self-renewal potential of HSC required 

direct cell contact with HAEC. The HSC-EC cell contact dependence is in agreement with 

previous findings (Kobayashi et al., 2010). In other studies however, soluble factors from brain-

derived EC have been shown to promote HSC regeneration as efficiently as contact with EC 

(Himburg et al., 2010). These disparate findings are likely due to differences in EC secretomes 

based on their function within a specific tissue of origin.  
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Part 4: TGF-β1: A negative regulator of endothelial-dependent HSC regeneration 

  

I hypothesized that there were two possible mechanisms to explain to why HUVEC were 

poor supporters of HSC regeneration relative to HAEC. Either HUVEC lacked the expression of 

factors present in HAEC and other EC types that support HSC regeneration and/ or HUVEC 

expressed repressors of HSC regeneration. To distinguish between these possibilities and to 

identify functionally important mediators of HSC regeneration, the transcriptomes of HAEC and 

HUVEC were evaluated. Our analysis of differential gene expression identified several members 

of the transforming growth factor (TGF)-β superfamily of receptor ligands that were differentially 

expressed. Specifically, the canonical TGF-β ligands Tgfb1 and Tgfb2 were overexpressed at 

low FDR in HUVEC relative to HAEC.  

TGF-β family members have many roles in tissue homeostasis during development and 

disease [reviewed in (Massague, 2012; Massague and Xi, 2012)]. In the hematopoietic system, 

TGF-β ligands play important roles as ventralizing factors during mesodermal specification to 

hematopoietic precursors (Pardanaud and Dieterlen-Lievre, 1999), as well as in directly 

maintaining HSC quiescence in the adult [reviewed by (Blank and Karlsson, 2015)]. HSC 

express type I and type II TGF-β receptors and are directly responsive to  TGF-β ligands (Blank 

and Karlsson, 2015). Interestingly, the TGF-β1 and β2 isoforms have differential effects on 

hematopoiesis, with TGF-β1 displaying 100 fold higher potency in the suppression of bone 

marrow progenitor cell activity (Ohta et al., 1987). TGF-β1 is necessary and sufficient to directly 

inhibit HSC cycling in vitro (Batard et al., 2000; Sitnicka et al., 1996; Soma et al., 1996). This 

inhibition is known to occur through several mechanisms including the induction of cell cycle 

inhibitor gene expression, downregulation of cytokine receptor expression, and inhibition of lipid 

raft clustering, which is important for cytokine receptor signal transduction (Cheng et al., 2001) 

(Cheng Shen 2001; Dubois Rescetti 1994; Scandura Boccuni 2004; Yamazaki Iwama 2009). 
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Although these effects are well documented in vitro, the specific effects of TGF-β1 on HSC in 

vivo have been difficult to pinpoint. In addition to lethality of knockout models, the complexity 

and redundancy of TGF-β1 signaling through TGFβ receptors by both Smads and non-Smad 

signaling pathways (Mu et al., 2012) has made genetic manipulation to study its precise in vivo 

function challenging (Larsson et al., 2003). 

 

TGF-β1 inhibits HSC regeneration by vascular EC  

To determine how TGF-β1 influences EC-dependent HSC regeneration, I investigated 

the effect of activating or inhibiting TGF-β signaling in our established co-culture system. 

Addition of TGF-β1 was sufficient to inhibit total hematopoietic cell regeneration and the 

regeneration of phenotypic HSC in bone marrow cells isolated from whole body irradiated mice 

and co-cultured with HAEC. Furthermore, TGF-β1 markedly reduced the proportion of HSPCs 

expressing the LT-HSC SLAM family marker, CD150, and enriched Linlo/- cells that expressed 

high surface levels of c-Kit. These findings suggest that TGF−β1 induces the differentiation of 

CD150+ HSCs, yet simultaneously creates a bottleneck in the progenitor compartment that 

prevents downstream hematopoietic cell expansion. In HUVEC co-cultures, inhibition of 

TGFBR1 signaling with SB431542 increased total hematopoietic cell and HSC regeneration, 

with enrichment in HSPC expressing CD150. Overall, these studies show that TGF-β1 is a 

master regulator of endothelial-dependent HSC regeneration.  

The effects of TGF-β1 on EC-dependent HSC regeneration had not been previously 

studied; however, the above results were supported by recent findings of other groups.  Zhang 

et al., who showed that treatment of irradiated bone marrow mononuclear cells with SB431542 

improved viability and increased CFU-GM activity and engraftment 8 weeks post-transplant 

(Zhang, Wang 2013). Blockade of TGF−β signaling has also been studied in the context of 

hematopoietic regeneration after chemotherapy. Brenet et al. found that neutralization of TGF-
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β1 with a blocking antibody (1D11) sustains hematopoietic regeneration after 5-fluorouracil 

treatment by preventing p57Kip2-induced HSC reentry into a quiescent state (Brenet, Scandura 

2013). Recently a study by the D'Andrea lab demonstrated that both Smad3 knockdown and 

1D11 treatment rescue HSPC from mitomycin-C induced apoptosis in mouse and human 

models of Fanconi Anemia (Zhang, Kozono 2016). Interestingly, inhibiting TGF-β in Fanconi 

cells resulted in a higher utilization of homologous recombination in comparison to NHEJ for 

DNA crosslink repair. Together, these studies support my findings that TGF-β1 is a dominant 

regulator of hematopoietic regeneration. Furthermore, they highlight that suppressing TGF-β1 

production by EC and other cellular sources can maximize hematopoietic regeneration.  

  

Sources of TGF−β in the bone marrow microenvironment  

Several different hematopoietic and non-hematopoietic cells express TGF−β isoforms 

(Kunisaki et al., 2013; Kusumbe et al., 2014; Nolan et al., 2013; Zhao et al., 2014). 

Megakaryocytes are the major source of TGF−β1 and at steady state contribute to a quiescent 

niche for HSC (Zhao et al., 2014). Notably, levels of TGF−β1 are known to increase in the bone 

marrow after cytotoxic therapy  (Brenet et al., 2013). All three canonical TGF−β ligands are 

expressed by bone marrow EC and may contribute to elevated TGF−β levels after injury. 

Specifically, Nolan et al. showed that Tgfb2 expression is elevated in bone marrow 

microvascular EC 10 and 28 days following ionizing radiation exposure (Nolan et al., 2013). 

Furthermore, recent work from Ralf Adams’ group has described a new type of sinusoidal EC, 

type H, which is responsible for repopulating the bone marrow sinusoidal network after injury 

and express high levels of Tgfb1 and Tgfb3 (Kusumbe et al., 2014). Together, these results 

show that vascular EC are a potential source of elevated TGF−β1 after bone marrow injury.  

Another potential mechanism by which TGF−β1 may be elevated in the bone marrow 

after injury is through increased activation of its latent form.  TGF−β1 is normally secreted into 
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the extracellular matrix in a non-covalently bound complex with its pro-domain and a latency 

associated peptide (Shi et al., 2011). Here, it is sequestered by ligand traps until active TGF−β1 

is dissociated by proteolytic cleavage, reactive oxygen species, or integrin adhesion within the 

ECM [reviewed by (Horiguchi et al., 2012)]. The bone marrow microenvironment undergoes 

extensive remodeling for weeks after injury (Cao et al., 2011), which may contribute to excess 

release of TGF−β1 from the ECM and prolong its effects. A key cellular source of TGF−β1 

activation has recently been identified as the non-myelinating Schwann cell (Yamazaki et al., 

2009). Interestingly, these Schwann cells ensheath tyrosine hydroxylase expressing adrenergic 

neurons, which innervate the arteriolar vascular niche for HSC. It is conceivable that in the injury 

setting, excessive TGF−β1 release by matrix remodeling and non-myelinating Schwann cell 

activity may prevent dormant HSC from re-entering the cell cycle and repopulating the 

hematopoietic compartment. 

 

 

EC-autonomous effects of TGF−β1 

A major finding from my studies is that TGF−β has direct effects on EC that inhibit their 

ability to support HSC regeneration. We initially identified TGF−β1 as a candidate suppressor 

based on its overexpression HUVEC. The simplest interpretation of our findings was that EC-

derived TGF-β1directly suppressed HSC; however, several other pieces of data indicated that 

TGF−β1 actually participates in an autocrine EC signaling loop. First, analysis of HAEC and 

HUVEC transcriptomes reveals that they express the expected components for differential 

TGF−β signaling. Whereas ALK5 and Smad3 are overexpressed by HUVEC, ALK1 and Smad1 

are overexpressed by HAEC, suggesting that both HAEC and HUVEC are transcriptionally 

poised to signal through different arms of the TGF-β signaling pathway. Furthermore, both gene 
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set enrichment analysis and immunofluorescence studies indicated that TGF−β signaling is also 

hyperactive in HUVEC relative to HAEC.  

The activation of TGF−β signaling and transcriptional programs in HUVEC led to the 

hypothesis that an EC-intrinsic effect of TGF−β might participate in suppressing HSC 

regeneration. To test this, I pre-treated HAEC with TGF−β1 the day prior to the addition of 

irradiated bone marrow cells only, and did not expose BM cells to exogenous TGF-β1. 

Interestingly, EC pre-treatment with TGF−β1 resulted in a 60% reduction in HSC regeneration 

by HAEC. This reduction in HSC content was attributable to a loss of CD150 expression in LSK 

cells, and was functionally significant. Specifically, LSK cells isolated from co-cultures 

established after HAEC pretreatment with TGF−β1 had 10-fold lower engraftment activity in vivo 

than LSK cells isolated from co-cultures established with untreated HAEC. 

 Presently, very little is known about the effects TGF−β may have on the regenerating 

hematopoietic microenvironment. My findings indicate that after injury, elevated TGF−β levels 

suppress the ability of bone marrow vascular EC to regenerate HSC. Our data suggest that 

blocking TGF−β signaling in EC should be considered as an important target for enhancing the 

regeneration and repair of HSC in vivo. TGFβ is essential factor for maintaining HSC 

quiescence and self-renewal potential under steady state as well as reestablishing HSC 

quiescence after injury, Thus, the timing of treatments targeting TGF−β is of notable concern. 

Clearly more work is needed to determine the related effects of TGF−β on vascular function, 

ECM remodeling, and reestablishment of hematopoietic homeostasis. 
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Part 5: Identification and functional significance of positive regulators of endothelial-

dependent HSC regeneration  

 

Hepatocyte Growth Factor 

Transcriptome analysis of HUVEC and HAEC was also utilized to identify candidate 

factors that enhance HSC regeneration by HUVEC. Using this approach, hepatocyte growth 

factor (HGF) was determined to enhance EC-dependent HSC regeneration and long-term multi-

lineage repopulating potential. In the absence of EC, HGF did not improve HSC regeneration. 

Furthermore, conditioned media experiments indicate that HGF in combination with soluble 

factors from EC were not sufficient to promote maximum HSC regeneration. Therefore, HGF 

may be enhancing stem cell regeneration by targeting EC. In support of this, HGF activated its 

receptor in HAEC and HUVEC. Moreover, HGF treatment resulted in rapid activation of Akt in 

ECs, which has been shown to be sufficient to drive HSC regeneration by EC in vitro and in vivo 

(Kobayashi et al., 2010). Together, these results suggest that HGF is also an autocrine mediator 

of endothelial-dependent HSC regeneration. 

Hepatocyte growth factor (HGF) is a potent regenerative factor for many tissues, in part 

owing to its ability to stimulate motility, growth, and survival of regenerating progenitor cells at 

the site of injury (reviewed by Trusolino, 2010). To do this, HGF binds to and induces 

dimerization of its cognate receptor, c-Met, which has no other known ligands but interacts with 

many co-receptors including integrins, plexins, and the hyaluronan receptor, CD44. Through 

HGF binding and these associations, a wide variety of important downstream mediators 

including Erk, Jnk, PI3K/Akt, NF-κB, and STAT signaling pathways can be activated. In human 

hematopoietic cells, HGF increases the colony forming potential of total bone marrow 

mononuclear cells, but not CD34+ cells, suggesting that it acts on more committed progenitors. 

In the same studies, c-Met was detected by flow cytometry on the surface of a subset of 

unfractionated bone marrow but was undetectable on CD34+ cells (Takai, 1997). In agreement 
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with this, I found no effect of HGF on phenotypic HSC regeneration in the absence of EC. 

However, there was a small but significant increase in the percentage of LSK cells surviving in 

HGF treated no EC cultures, consistent with the notion that HGF has effects on the progenitor 

compartment.  

There is compelling evidence to suggest that HGF can promote regeneration of the 

hematopoietic microenvironment. Levels of HGF protein are 6-fold higher in the bone marrow of 

radio-protected Tie2-cre; Bax-/-Bakfl/- mice following exposure to ionizing radiation (Doan, 2013), 

and HGF protects vascular EC from ionizing radiation-induced apoptosis in culture (Hu, 2009). 

Interestingly, treatment with HGF and VEGF activates chemokine and G-protein coupled 

receptor gene expression in HUVEC (Gerritsen, 2003), which is in surprisingly close agreement 

with the effects of adding irradiated bone marrow cells to both HAEC and HUVEC in my 

experiments. In other studies, forced expression of HGF in smooth muscle cells increased 

VEGFR2 and CD31 expression on bone marrow derived endothelial progenitor cells in co-

culture, and enhances their proliferation and migratory capacity in vitro (Zhu, 2010). As 

discussed above, ionizing radiation and chemotherapy cause the regression of bone marrow 

sinusoids, the regeneration from which has been shown to depend on VEGFR2 and Tie2 

(angiopoietin receptor) reactivation, respectively (Hooper, 2009; Kopp, 2005). Taken in context, 

these data suggest that HGF may play a role in stimulating angiogenesis or neovascularization 

during bone marrow regeneration. I was not able to generate reproducible data indicating 

improved hematopoietic outcomes after HGF administration to irradiated mice (data not shown); 

however, I did not evaluate bone marrow angiogenesis in these experiments.  

Another possible mechanism of action for HGF could be the activation of the vascular 

niche for HSC. In combination with VEGF (which is included in endothelial growth medium in my 

experiments), HGF treatment increases gene expression of SCF, IL-11, and intracellular 

adhesion molecule (ICAM)-1 in HUVEC (Gerritsen, 2003). These effects on EC could be 
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important for the engraftment and reconstitution of circulating HSC as they home from 

peripheral sites to the bone marrow niche.  
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Part 6: Heal the soil: Targeting the niche to enhance hematopoietic regeneration  

 

HAEC and HUVEC as surrogates for bone marrow EC 

 To date, bone marrow-derived EC have been difficult to identify, isolate, and culture ex 

vivo. For this reason we used primary EC derived from other vascular sources to study 

hematopoietic regeneration. Ideally, this approach would result in the identification of factors 

that have independently been implicated in regulating hematopoietic regeneration in vivo. As 

discussed above, TGF-β1 and HGF have both been identified as factors that either regulate 

hematopoietic regeneration or bone marrow EC. This provides validity for the use of HAEC and 

HUVEC to study bone marrow HSC regeneration, and enhances the translational importance of 

these findings.  

One question when considering an in vitro approach used to identify factors is: Do HAEC 

and HUVEC resemble specific EC subsets or recapitulate bone marrow EC during different 

stages of hematopoietic regeneration? As described in Chapter 2, the diversity of vascular EC in 

bone marrow has only been partially uncovered within the last few years (Itkin et al., 2016; 

Kusumbe et al., 2014). The heterogeneity between different bone marrow EC subsets has not 

yet been fully determined at the transcriptome level; therefore a direct comparison with HAEC 

and HUVEC is not yet possible. However, there are several characteristics of HAEC and 

HUVEC that resemble bone marrow EC and may help to explain their differential effects on 

hematopoietic regeneration. 

 

Arterial versus Venous Vascular Endothelial Cells 

HAEC and HUVEC are derived from very distinct vascular sources. Whereas HAEC are 

conditioned by a high shear, adult vessel; HUVEC derive from an embryonic source with lower 

perfusion pressures. Gene expression studies have shown that EC derived from several arterial 

vessel sources tend to cluster distinctly from venous vessels (Chi et al., 2003); therefore, it is 
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possible that HAEC more closely recapitulate bone marrow arteriolar EC. In support of this, 

HAEC adhere more firmly to plastic and have higher baseline levels of endothelial nitric oxidie 

synthase (eNOS) activation (data not shown). These are consistent with increased pericyte 

coverage, cell-cell adhesion, and shear stress in arteriolar bone marrow EC relative to more 

distal sinusoids (Itkin et al., 2016). However, studies of arteriolar EC have indicated that they 

provide a niche for quiescent HSC (Kunisaki et al., 2013), whereas my studies show that HAEC 

induce proliferation of HSC in co-culture. Notably, HAEC induce proliferation of both irradiated 

and non-irradiated HSC, indicating it is a fundamental property of the HSC-EC crosstalk and not 

an effect of radiation. 

 

Bone Marrow Type H Endothelial Cells 

Although the full molecular landscape of the bone marrow vasculature has not been 

elucidated, TGF-β isoforms are known to be differentially expressed between EC subsets. 

Specifically, Tgfb1 and Tgfb3 are overexpressed by CD31hi, Endomucinhi “type-H” endothelial 

cells, which localize to the marginal region of the bone marrow transition zone, where arteriolar 

vessels transition to looping capillary beds (Kusumbe et al., 2014). During hematopoietic 

regeneration, type H vessels have been shown to proliferate, and ultimately regenerate the 

more distal, type L capillaries, which subsequently downregulate TGF-β ligand expression 

(Kusumbe et al., 2014). Interestingly, HUVEC have both higher levels of TGF-β isoform 

expression and expand more rapidly than HAEC in growth culture. Therefore, HUVEC may be 

more representative of type H EC when compared with HAEC. With respect to effects 

hematopoietic regeneration, the predominance of TGF-β producing, type H vessels following 

radiation injury would be predicted to suppress regeneration while the bone marrow 

microvasculature is repopulated. Interestingly, a similar biphasic effect of organ regeneration 

has been described in mouse liver (Ding et al., 2010), where hepatocyte proliferation precedes 
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vascular EC proliferation. Although a biphasic effect of hemato-endothelial regeneration has not 

been studied in bone marrow, HSC are known to leave the bone marrow following radiation 

injury, and the hematopoietic nadir 1-2 weeks after insult overlaps with the timing of bone 

marrow sinusoidal repopulation by type H EC (Kusumbe et al., 2014). Therefore, a TGF-β 

driven switch could be responsible for regenerating the hematopoietic microenvironment prior to 

the regeneration of hematopoiesis. 

 

Acute and Long-term Vascular Injury  

In addition to recapitulating characteristics of different bone marrow EC subsets, my data 

also suggest that HAEC and HUVEC may resemble the vascular EC profile during acute and 

chronic bone marrow injury. The molecular response of bone marrow EC to injury from ionizing 

radiation exposure has recently been described at different times of recovery (Himburg et al., 

2016; Nolan et al., 2013). Endothelial cell Hgf expression increases 2-3 fold between 6 and 24 

hr following exposure to 5 Gy irradiation, and this increase in expression correlates with a 

maximum of HGF protein content in bone marrow of nearly 3 ng/mL (Himburg et al., 2016). 

Taken together with previously published data that HGF is elevated in radioprotected bone 

marrow, these findings indicate that HGF is likely to be an important factor driving the early 

vascular recovery from radiation injury in vivo. These results indicate that HAEC may more 

closely resemble the vascular response to acute bone marrow injury, and suggest that the 

soluble factors produced by HAEC may stimulate early vascular regeneration. 

Conversely, longer-term studies on the vascular response to bone marrow irradiation 

have shown that Tgfb2 expression is elevated in bone marrow EC at 10 and 28 days following a 

7.5 Gy dose of irradiation (Nolan et al., 2013), raising the possibility that HUVEC recapitulate 

the bone marrow vasculature after long-term or chronic injury. In support of this, TGF-β isoforms 

are known to mediate long-term vascular dysfunction and organ fibrosis through endothelial-to-
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mesenchymal transition (Ranchoux et al., 2015; Xu et al., 2015). Therefore, it is possible that 

HUVEC recapitulate a chronically injured bone marrow vasculature that lacks the ability to fully 

regenerate the hematopoietic system.   

  

A paradigm shift is needed in designing therapies for hematopoietic injury 

There is a growing body of evidence that bone marrow vascular EC are essential 

regulators of stem cell maintenance, regeneration, and aging. This work and that of others 

shows that vascular EC are potent mediators of HSC regeneration in vivo, and can even 

promote HSC DNA damage repair in vitro (Chute et al., 2004; Li et al., 2010; Zachman et al., 

2013). However, current therapies for hematopoietic regeneration target hematopoietic stem 

and progenitor cells directly, rather than their niche. I see two major problems with this 

approach: First, current therapies (e.g. G-CSF) will stimulate the regeneration of hematopoiesis 

and the proliferation of HSC within a dysfunctional microenvironment. My early work comparing 

EC and G-CSF mediated HSC regeneration, in combination with the more recent TGF−β1 

findings, suggest that this will cause HSC attrition. As mentioned above a recent report has 

shown that G-CSF treatment after irradiation can exacerbate long-term HSC injury (Li et al., 

2015), although the mechanisms were not investigated. Secondly, targeting only hematopoietic 

cells assumes that the niche does not sustain injury from cytotoxic exposures. We now know 

that this is incorrect, and that injury to the niche does impact HSC regeneration (Cao et al., 

2011; Hooper et al., 2009; Scandura et al., 2004). Therefore, an overarching goal for the 

development of novel therapies for hematopoietic regeneration should be to stimulate vascular 

recovery in the bone marrow.  

 

A precautionary note on using EC-targeted therapies in hematologic malignancies 

Targeting the regeneration or survival of bone marrow vascular EC may not always be 

beneficial. Although the field is fairly new, more work is being published on the putative ability of 
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vascular EC to support leukemia drug resistance, which may contribute to disease relapse by 

promoting quiescence of leukemia-initiating cells (Bosse et al., 2016; Cogle et al., 2014). Our 

data show that EC can reduce DNA damage in LSK cells after radiation injury. Therefore, in the 

context of both hematologic malignancies and solid tumors, much more investigation is needed 

to determine the potential risks and benefits of treating hematopoietic suppression in the setting 

of anti-tumor therapy. 
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This work identified a putative drug target for enhancing KATP function and enhancing 
myocardial protection from ischemia/reperfusion injury. 

 
Role of cardiac cardiolipin metabolism in the development of heart failure 

My major research focus in Russell Moore’s lab at the University of Colorado was the 
role of the mitochondrial membrane phospholipid, cardiolipin, in cardiac ATP production 
and heart failure. Cardiolipins are unique diphospholipids that are important for the 
proper functioning of energy transducing membranes. In healthy mammals, over 90% of 
cardiolipins have all 4 acyl-moieties occupied with the w-6 fatty acid, linoleic acid (18:2). 
This species of cardiolipin, (18:2)4CL, which is believed to provide an optimal 
physiochemical environment for the function of electron transport proteins within the 
inner mitochondrial membrane, is lost in both infantile (Barth Syndrome) and adult heart 
failure. Because of this, we were interested in the biochemical pathways responsible for 
the production and degradation of (18:2)4CL. Given my background in studying secretory 
phospholipase A2, I sought to determine the role of mitochondrial phospholipases in 
cardiolipin metabolism. I found that 18:2 incorporation into (18:2)4CL was mediated in 
part by calcium-independent phospholipase A2 g (iPLA2g), and that overall 18:2 
incorporation into cardiolipin was attenuated in cardiac myocytes isolated from a rat 
model of heart failure, relative to non-failing hearts. In an effort to drive 18:2 into 
cardiolipin and ultimately improve cardiac energetics, we studied the effects of dietary 
18:2 supplementation on the progression of heart failure in this rat model and showed 
that 18:2 supplementation delayed heart failure development but only in the absence of 
a western-type background diet. 

 
Mechanisms of endothelial-dependent hematopoietic stem cell regeneration 

Hematopoietic stem cells (HSC) are exquisitely sensitive to injury by genotoxic agents 
such as ionizing radiation or chemotherapy. HSC injury suppresses hematopoiesis and 
can require transplantation, for which allogenic matching is often difficult or limited by the 
availability of donor HSC. The purpose of my PhD research is to identify treatments that 
promote HSC regeneration from injury and therefore reduce the need for transplantation. 
To do this, I am studying the role of the bone marrow microenvironment in supporting 
HSC. Endothelial cells are essential components of the microenvironment and provide 
survival signals for injured HSC; however, the specific identities of these signals are 
largely unknown. To identify endothelial factors that promote HSC regeneration, I first 
helped develop an in vitro system to study endothelial-dependent HSC regeneration. 
Using this model, we have identified several candidate factors that may regulate HSC 
survival, repair, and self-renewal. Recently, I have shown that Transforming Growth 
Factor (TGF)-β1 is a potent suppressor of endothelial-dependent HSC regeneration and 
Hepatocyte Growth Factor enhances the potential of endothelial cells to regenerate HSC 
after radiation injury. Furthermore, these factors modulate the function HSC in vivo 
following regeneration and transplantation. In the future I am interested in pursuing the 
consequences of aging on endothelial-dependent stem cell dysfunction, and whether 
preventive measures such as diet and exercise are able to improve long-term stem cell 
function and longevity by improving vascular health. 

 


