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 The hematopoietic system is maintained throughout the lifetime of an 

organism by hematopoietic stem cells (HSCs). HSCs are uniquely able to 

balance both self-renewal, to maintain a population of stem cells, and 

differentiation, to produce all of the immune cells required for hematopoietic 

function. Further, in response to a severe injury, such as chemotherapy or 

radiation, HSCs are able to respond and regenerate the hematopoietic 

compartment. To better understand the intrinsic and extrinsic mechanisms that 
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endow this functionality, I focused on two main facets of hematopoietic stem cell 

biology: the bone marrow microenvironment and metabolism.  

To compare the role of distinct bone marrow niches in hematopoiesis we 

developed two tools. First, a live calvarial bone marrow imaging system that 

allowed dynamic real-time tracking of individual cells. Secondly, a transgenic 

mouse that enabled the visualization of hematopoietic stem/progenitor cells 

(HSPCs) in vivo. To track HSPCs in real-time via live imaging, we developed a 

new Msi2-GFP knock-in reporter mouse. Using these tools, I determined that 

HSPCs display a preference for contacting the vasculature niche, as well as 

making long-term interactions there. Further application of these tools will 

continue to deepen the understanding of how HSPCs interact with and are 

influenced by their bone marrow microenvironment. 

To understand the role of metabolism in HSC function, I focused on 

uncovering the function of the monocarboxylate transporters 1 and 2 (MCT1/2). 

MCT1/2 were identified from a transcriptional analysis of genes impacted by the 

treatment of mice with G-CSF, which induces HSC proliferation and mobilization. 

Inhibition of MCT1/2 via AR-C155858 (AR-C) improved HSC function both in vitro 

and in vivo. AR-C improved bone marrow recovery after injury and the 

engraftment of mouse and human HSCs. This data supports the use of AR-C as 

a clinical tool to both aid hematopoietic regeneration and hematopoietic stem cell 

transplant efficacy.  

Collectively, this dissertation advances the understanding of mechanisms 

regulating homeostatic and regenerating HSCs. A thorough understanding of 
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these mechanisms allows them to be manipulated for therapeutic uses to 

improve patient outcomes after hematopoietic injury and engraftment after 

transplantation.  



 

1 

CHAPTER 1 

INTRODUCTION 

 

Hematopoietic stem cells and hematopoiesis 

All blood cells arise from hematopoietic stem cells (HSCs), which reside in 

the bone marrow. Like all stem cells, they are defined by their ability to both self-

renew and undergo multi-lineage differentiation (Orkin 2000; Weissman 2000). 

However, the mechanisms that regulate this decision remain incompletely 

understood. Advancing our knowledge of the biological mechanisms that underlie 

hematopoietic stem cell function is crucial to the development of impactful clinical 

therapeutics. 

This dissertation is focused upon two fields to further the understanding of 

normal and regenerative HSC biology: the bone marrow microenvironment and 

metabolism. Here, I provide an introductory review of hematopoietic stem cell 

biology with specific emphasis placed upon these areas. First, I discuss the 

fundamentals of how hematopoietic stem cells develop and support 

hematopoiesis throughout life. There is a focus upon cellular processes that 

underlie normal HSC function, asymmetric division and metabolism, to introduce 

molecular mechanisms further elucidated in this dissertation. Next, I examine the 

current understanding of the HSC bone marrow microenvironment. As discussed 

in Chapter 2, we have implemented a live hematopoietic stem and progenitor cell 

imaging system to contribute an endogenous in vivo perspective to this field. 

Finally, I discuss recent advances in hematopoietic regeneration and expansion. 



	 2 

	

As discussed in Chapter 3, an increased understanding of the mechanisms that 

regulate HSC growth may lead to the development of techniques to accelerate 

HSC expansion or regeneration for clinical applications.  

 

Hematopoietic Development 

Fetal hematopoiesis is a period of robust HSC expansion, as the 

developing embryo immediately requires both differentiated hematopoietic cell 

types and a pool of undifferentiated HSCs (Mikkola and Orkin 2006). Early in 

embryonic development, the mesoderm becomes fated towards a hematopoietic 

lineage (Orkin 2000). Hematopoietic cells first appear in the yolk sac, and 

differentiate into primitive nucleated erythroid cells (Gudmundsson et al. 2012). 

The initial pool of HSCs arises from multiple anatomical sites at various 

developmental timepoints and stages (Mikkola and Orkin 2006). The first 

definitive HSCs appear at embryonic day 10 (E10) in the dorsal aorta area of the 

aorta-gonad-mesonephros (AGM) (de Bruijn et al. 2000). Research suggests 

HSCs may also arise in the yolk sac and placenta. Together with AGM-derived 

HSCs, these HSCs likely colonize and supply the fetal liver (Mikkola and Orkin 

2006). Fetal HSCs are highly proliferative, resulting in a dramatic expansion of 

HSCs between E12 and E16 (Ema and Nakauchi 2000; Mikkola and Orkin 2006). 

After the expansion of HSCs in the fetal liver, the cells migrate to the bone 

marrow, the primary site of adult hematopoiesis. Functional HSCs are first found 

in fetal bones at E17.5 (Mikkola and Orkin 2006). 
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Unlike actively cycling fetal HSCs, adult HSCs enter a quiescent state in 

the bone marrow (Orkin and Zon 2008). Extensive research has focused on 

understanding the molecular mechanisms that underlie adult HSC function. 

Evidence has implicated the Wnt, Notch and Sonic Hedgehog signaling 

pathways in adult HSC self-renewal (Reya et al. 2001; Reya et al. 2003). With 

age, HSC function declines. The reconstitution ability of aged HSCs is impaired 

compared to younger HSCs. Older HSCs display a differentiation bias towards 

the myeloid lineage (Mendelson and Frenette 2014). A balance of self-renewal 

and differentiation allows HSC to sustain the hematopoietic compartment 

throughout life. 

 

Hematopoietic Differentiation 

In both fetal and adult development, HSCs can differentiate to generate all 

blood cells. This differentiation can be organized into a hierarchy, in which long-

term HSCs (LT-HSCs) are at the top (Orkin and Zon 2008). The distinction 

between LT-HSCs and short-term HSCs (ST-HSCs) lies in self-renewal, and 

therefore their ability to reconstitute and sustain an irradiated mouse. ST-HSCs 

do not self-renew as extensively as LT-HSCs do, limiting their ability to 

reconstitute and sustain an irradiated mouse (Kim et al. 2006). HSCs generate 

progenitor cells: common lymphoid progenitors (CLPs) and common myeloid 

progenitors (CMPs). CLPs differentiate into mature B lymphocytes, T 

lymphocytes and natural killer cells (Weissman 2000). CMP can generate two 

different lineage committed precursors: megakaryocyte/erythroid progenitors 
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(MEPs) and granulocyte/macrophage progenitors (GMPs). MEPs differentiate 

into red blood cells and megakaryocytes. GMPs differentiate into mast cells, 

eosinophils, neutrophils, monocytes and macrophages (Orkin and Zon 2008). It 

has been clearly demonstrated that HSCs generate all of the differentiated blood 

cell types. However, the cell intrinsic and extrinsic cues that regulate this 

differentiation cascade, and how they may change throughout life, have not been 

fully understood.  

 

Asymmetric Cell Division 

Hematopoietic stem cells can undergo both symmetric and asymmetric 

divisions. Asymmetric division is a critical phenomenon that allows stem cells to 

balance self-renewal and differentiation. Symmetric renewal divisions allow for an 

expansion of the stem cell population, while symmetric commitment divisions 

lead to increased output of differentiated cells. Asymmetric cell divisions allow for 

the maintenance of a stem cell population while also increasing the numbers of 

differentiated cells (Wu et al. 2007). In asymmetric division, fate determinants are 

polarized in the dividing cell so they are inherited unequally (Congdon and Reya 

2008). Asymmetric cell division has been well characterized in invertebrates, but 

remains less studied in vertebrate model systems. 

A conserved outline exists for asymmetric cell divisions between 

invertebrates and vertebrates. First, there is an intrinsic establishment of polarity, 

which may have intrinsic or extrinsic origins. The evolutionarily conserved Par 

proteins localize to set up this axis of polarity (Congdon and Reya 2008). Next, 
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fate determinants must be distributed asymmetrically based on the axis of 

polarity. Finally, the mitotic spindle must be oriented between the two established 

poles so that cell division will result in an asymmetric segregation of fate 

determinants, leading to two distinct daughter cell fates (Knoblich 2010; Morin 

and Bellaiche 2011). One mechanism that may explain the dramatic expansion of 

HSCs that occurs during development in the fetal liver is that they are undergoing 

symmetric division, and therefore increasing the net HSC pool (Lessard et al. 

2004; Mikkola and Orkin 2006). Conversely, adult HSCs may utilize asymmetric 

cell division to balance the need for a stem cell pool, and differentiated cell types 

(Mikkola and Orkin 2006). 

In HSCs, Musashi2 (Msi2) is a critical regulator of hematopoietic stem cell 

function, in part through its regulation of asymmetric division. Msi2 is an RNA 

binding protein that represses Numb expression, a key fate determinant, by 

binding to its 3’ untranslated region (Ito et al. 2010; Fox et al. 2015). Inheritance 

of Numb indicates a daughter cell will become a more differentiated cell type (Wu 

et al. 2007). Therefore, asymmetric inheritance of Numb results in an asymmetric 

HSC division. Through repression of Numb expression, Msi2 regulates 

asymmetric division. Specifically, a loss of Msi2 expression increases symmetric 

commitment divisions of hematopoietic stem cells (Park et al. 2014). Of note, 

Msi2 is highly expressed specifically within hematopoietic stem and progenitor 

cells. This expression pattern will be utilized in Chapter 2 to visualize 

endogenous hematopoietic stem and progenitor cells in their native 
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microenvironment. In this way, an understanding of asymmetric division has 

enabled the development of techniques to further understand the HSC niche.  

 

Metabolism of Hematopoietic Stem Cells 

Despite recent advances, the impact of metabolic programs upon key 

HSC functions, such as self-renewal and differentiation, are only beginning to be 

understood. Evidence suggests HSCs reside in a hypoxic niche in the adult bone 

marrow (Suda et al. 2011). Due to low oxygen levels, HSCs rely upon anaerobic 

glycolysis, which generates lactate from glucose. The energy demands of HSCs 

are relatively low, due to their quiescent nature. In fact, if glycolysis pathways are 

blocked in HSCs, an impact is only observed upon stresses of the system, such 

as transplantation (Wang et al. 2014). With differentiation, hematopoietic 

progenitors undergo more proliferation, and consequently have more demanding 

metabolic needs. They increasingly undergo glycolysis and oxidative 

phosphorylation (Ito and Suda 2014). As their energy demands are lower, HSCs 

have fairly inactive mitochondria, while lineage committed progenitors have 

increased activity. As a result of this mitochondrial activity, reactive oxygen 

species (ROS) are generated in the progenitors. While high levels of ROS can 

induce cell death and cause damage to tissues, there is some evidence that very 

low concentrations may actually be involved in maintaining HSC quiescence 

(Suda et al. 2011). While the understanding of HSC metabolism is beginning to 

deepen, the importance of lactate, generated by HSCs through anaerobic 

glycolysis, in hematopoietic stem cell function is currently unclear.  
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Lactate Signaling through Gpr81 

Gpr81 (also referred to as Hcar1 or Hca-1) is a G-protein coupled receptor 

(GPCR) with no reported role in hematopoiesis. GPCRs are an extensive family 

of signaling transmembrane receptors, most notably recognized by their seven 

transmembrane domains. In general, GPCRs are activated by an extracellular 

signaling molecule, which induces a conformational change leading to an impact 

upon downstream signaling (Hanlon and Andrew 2015).  Specifically Gpr81 is 

coupled to Gi, meaning that an activation of Gpr81 leads to an inhibition of 

adenylyl cyclase, a decrease in cyclic AMP levels (cAMP) and therefore a 

decrease in cAMP signaling (Ahmed et al. 2010; Mosienko et al. 2015). Until 

recently, Gpr81 was considered an orphan receptor. However, Liu et al 

demonstrated that the Gpr81 is activated by lactate, particularly the L-lactate 

isomer (Liu et al. 2009).  

Gpr81 has been previously identified in other mammalian tissues. 

Consistently, the strongest reported expression of Gpr81 is found in adipocytes, 

while expression found in other tissues is much lower (Liu et al. 2009). Of note, 

this work did not directly check the blood or bone marrow for expression. The 

functional role of Gpr81 is also best characterized in adipocytes. When 

adipocytes produce lactate as a by-product of glycolysis, it is exported from the 

cells by monocarboxylate transporters (MCTs). Once extracellularly localized, 

lactate activates Gpr81, which blocks lipolysis. In this way, lactate functions as 

an autocrine signal through Gpr81 to conserve lipids when glucose is available 
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for use as an energy source (Ahmed et al. 2010). Importantly, this block on 

lipolysis was not observed in Gpr81-null knockout mice (Liu et al. 2009).  

Malignant expression of Gpr81 has been identified in multiple cancer 

types. Using cell lines, Gpr81 expression was highest in pancreatic, breast and 

salivary gland cancer lines. Interestingly, using pancreatic cancer cell lines, it 

was determined that lactate signaling via Gpr81 is able to regulate the 

expression of MCTs responsible for transporting lactate. Further, this work 

demonstrated that loss of Gpr81 could block tumor growth and promote survival, 

especially when lactate acted as the primary energy source for the tumor (Roland 

et al. 2014). This work identified Gpr81 as a potential target of interest to block 

malignant growth.  However, at large, Gpr81 remains an understudied GPCR in 

hematopoiesis and otherwise, likely due to the recent identification of its ligand.  

 

Monocarboxylate Transporters  

Monocarboxylate transporters (MCTs) are a family of transmembrane 

proteins that facilitate the translocation of monocarboxylates (such as lactate) 

across the plasma membrane. They are encoded by the Slc16 solute carrier 

gene family, which also includes a thyroid hormone transporter (Slc16a2, MCT8) 

and an aromatic amino acid transporter (Slc16a10, MCT10). Of the fourteen 

known MCTs (MCT1-14), MCT1-4 are the most thoroughly characterized and 

definitively confirmed to act in a proton-linked fashion to transport 

monocarobxylates across the plasma membrane (Halestrap 2012). MCTs have 

12 transmembrane domains, with intracellular N and C-terminal ends. There is a 
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large cytosolic loop between transmembrane domains six and seven. The 

transmembrane domains are highly conserved within the MCT family, while the 

loop and terminal ends are variable among isoforms (Halestrap 2013). The 

general mechanism of monocarboxylate transport in MCTs was posited based on 

the proposed molecular structure of MCT1. The binding of a proton to a 

hydrophobic pocket deep in the transporter creates a binding site for the charged 

monocarboxylate anion. Binding of the monocarboxylate then causes the 

channel to change to its ‘closed’ confirmation, which moves both the proton and 

the monocarboxylate through the transporter. Using site-directed mutagenesis, 

specific lysine, aspartate, and arginine resides have been identified that are 

critical for this process to occur. Further, in MCT1, a specific phenylalanine was 

identified which is critical for determining which monocarboxylates are 

transported by MCT1 (Halestrap 2012). Similarly located residues in other 

transporters may be also be responsible for substrate specificity, and poor 

conservation in this region among transporters could result in substrate 

differences between isoforms.     

 MCT1 is expressed broadly across different tissues, with little organ 

specificity. For example, it is expressed in, and somewhat functionally 

characterized in, the liver, kidney, heart and skeletal muscle (Halestrap and 

Wilson 2012). Its primary function is to transport lactate in either direction across 

the plasma membrane, however it is also capable of transporting other 

monocarboxylates such as pyruvate, hydroxybuturate and acetoacetate 

(Halestrap 2013). Importantly, MCT1 is involved in the transport of 
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monocarboxylates across the blood-brain barrier, providing fuel for neurons 

(Pierre and Pellerin 2005). Research performed in Xenopus, mouse and rat 

demonstrates that MCT1 is widely employed for monocarboxylate transport.  

 MCT2 has the highest affinity for both lactate and pyruvate of the 

monocarboxylate transporters (Wilson et al. 2013). Compared to MCT1, the 

expression pattern of MCT2 appears to be more restricted. MCT2 expression 

and function has been demonstrated in the liver and kidney, where is it is 

responsible for lactate uptake for gluoconeogensis, and in the brain, where it 

provides lactate expelled from astrocytes to neurons (Klier et al. 2011).  

Expression of MCT2 has also been identified in the testes, spleen, heart, 

pancreas and skeletal muscle (Halestrap 2013). While less broadly expressed, it 

is clear that MCT2 also plays a critical role in lactate transport in specific tissues. 

The role of both MCT1 and MCT2 in hematopoiesis is currently unclear.  

 

Ancillary Proteins support MCT activity 

 Ancillary, or supportive, proteins are critical for the effective localization 

and function of MCTs. The primary ancillary proteins for MCT1/2 are Basigin 

(CD147) and Embigin (gp70). Both proteins are similar in structure: a single 

transmembrane domain, a short intracellular C-terminal domain, and a heavily 

glycosylated extracellular domain with 2-3 immunoglobulin domains. Recent work 

has demonstrated that the binding of MCTs to an ancillary protein can modulate 

the effectiveness of some small molecule inhibitors (Nancolas et al. 2015b). Due 

to the poor conservation of MCT1, MCT2 and the ancillary proteins, it is 
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important to note that there may be species-specific variability in the associations 

and preferences between MCTs and ancillary proteins. 

Embigin functions as the main ancillary protein for MCT2, which does not 

interact with Basigin. While Embigin can function as the ancillary protein for 

MCT1, it has a more favorable interaction with Basigin (Halestrap 2012). In 

Xenopus oocytes, it was shown that the expression of Embigin increases the 

localization of MCT2 to the plasma membrane, increases the transport of lactate 

by MCT2 and increases the total protein expression of MCT2 within the cell (Klier 

et al. 2011). In the nervous system, neuroplastins act as ancillary proteins for 

MCT2, facilitating its role in providing lactate to neurons as an energy source 

(Wilson et al. 2013).  The majority of this work was carried out in Xenopus 

oocytes and rat liver cells. However, some recent research has demonstrated a 

functional role of Embigin in adult murine tissues.  

Embigin expression is reportedly high in HSCs, as well as the more 

differentiated common lymphoid progenitors, and then decreases with 

differentiation through the B-cell lineage (Pridans et al. 2008). Following this, 

another group independently identified Embigin as an HSC regulator using a 

single cell analysis of cells proximal to HSCs in the bone marrow niche.  This 

work demonstrated that, specifically, Embigin functions as a regulator of HSC 

quiescence (Silberstein et al. 2016). Embigin has also been implicated in cancer 

in multiple tissues. In in vitro studies, loss of Embigin increases migration and 

proliferation of both normal and malignant breast cancer cells. Further, low 

Embigin levels in patient samples are correlated with decreased survival (Chao 
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et al. 2015). Embigin expression is elevated in pancreatic ductal adenocarcinoma 

compared to normal pancreatic tissue, and functional knockdown studies 

demonstrated it might represent a viable target for pancreatic cancer therapy 

(Jung et al. 2016). Embigin is also expressed throughout embryogenesis, the 

prostate and the mammary gland (Guenette et al. 1997).  

Basigin can act as an ancillary protein for both MCT1 and MCT4 

(Halestrap 2012). In cell lines, overexpression of MCT1/4 without Basigin 

resulted in improper localization of MCT1/4 to the golgi apparatus. Further, it was 

shown that the extracellular domain of Basigin is not necessary for the correct 

localization of both basigin and MCT1/4 to the plasma membrane (Kirk et al. 

2000). In a basigin knockout mouse, localization of MCT1, MCT3 and MCT4 is 

incorrect (Philp et al. 2003). The transmembrane domain of basigin localizes 

nearest to the transmembrane domains 3 and 6 of MCT1 (Halestrap 2012). This 

demonstrates that these ancillary proteins play a key role in enhancing MCT 

function. 

 

Malignant Hematopoietic Metabolism 

When normal cells undergo a malignant transformation, their metabolic 

needs change. It is accepted that tumor cells have higher energy needs 

compared to normal cells and research has shown that this is largely produced 

through aerobic glycolysis (Cairns et al. 2011). This phenomenon is termed the 

Warburg effect, and has been a source of tremendous study. The ability to block 

a tumor cell from producing energy without damage to healthy cells is of critical 
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interest (Vander Heiden et al. 2009). This concept is particularly relevant to the 

work presented in Chapter 3. The concept of differentially utilized metabolic 

programs between normal and malignant cells has been somewhat described in 

the hematopoietic system. The deletion of enzymes critical for glycolysis 

revealed this differential. For example, the transgenic knockout of lactate 

dehydrogenase A (LDHA), an enzyme that drives the formation of lactate from 

pyruvate, had a strong negative functional impact upon leukemogenesis. In 

contrast, normal cells were only negatively impacted when stressed. Further, 

deletion of pyruvate kinase M2 (PKM2), an enzyme responsible for the formation 

of pyruvate and ATP, also demonstrated a differential impact. Again, leukemia 

progression was impaired with PKM2 deletion. However, hematopoietic stem cell 

function under homeostatic conditions was not impacted, a phenotype was only 

observed after transplantation (Wang et al. 2014). The differential utilization of 

metabolic programs between normal and malignant hematopoiesis may 

represent a means to specifically target cancerous cells, without damaging the 

healthy hematopoietic compartment.  

 

MCT Inhibition 

Due to the importance of lactate signaling and transportation, there is 

considerable interest in the development of effective inhibitors of MCTs. Lactate 

is a necessary fuel for cancer cells, as well as a byproduct of glycolysis, therefore 

a blockage of lactate influx, efflux, or both can have deadly consequences upon 

tumor cells. AstraZeneca has developed a few of the most widely studied 
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MCT1/2 inhibitors. AR-C155858 (AR-C) targets both MCT1 and MCT2. AR-C 

binds to transmembrane domains 7-10 of the MCTs. Further, there is evidence 

that the ancillary domain associated with the MCT can modulate the efficacy of 

inhibitors (Nancolas et al. 2015a). AstraZeneca has also developed AZD3965, an 

inhibitor with similar capability of AR-C155858 to target MCT1/2 that is orally 

bioavailable. A combination of in vitro and in vivo studies have demonstrated the 

potential efficacy of monocarboxylate transport inhibition in blocking tumor cell 

proliferation and inducing tumor cell apoptosis (Draoui et al. 2014; Hanson et al. 

2015; Kong et al. 2016). Specifically, inhibition of MCT1/2 using AZD3965 

blocked the growth of human small cell lung cancer xenografts. In addition, 

treatment also made the tumors more sensitive to radiotherapy (Bola et al. 2014).  

Finally, MCT1/2 inhibition by AZD3965 has proved so promising, it is currently 

undergoing Phase I clinical trials for the treatment of prostate cancer, gastric 

cancer and lymphoma. The impact of MCT inhibition upon HSC function, 

previously unstudied, will be discussed in Chapter 3. 

 

Hematopoietic Stem Cell Niche 

 The HSC niche is complex and thus no single cell type or cytokine is 

responsible for HSC function. This likely supports the dynamic ability of HSCs to 

be proliferative in the fetal liver and quiescent in the adult bone marrow. A 

multitude of cell types within the microenvironment have been implicated or ruled 

out as part of the dynamic HSC niche throughout life.  
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Fetal Liver Niche 

The fetal liver is the primary site of hematopoiesis during embryonic 

development. Specific fetal liver cell populations have been implicated as 

components of the fetal hematopoietic niche through in vitro work. Coculture of 

Dlk+ fetal hepatic progenitors with fetal HSCs results in an HSC expansion 

similar to what has been characterized during fetal development. In contrast, Dlk- 

fetal liver cells cannot expand hematopoietic cells in vitro (Chou et al. 2013). 

Immunostaining of fixed tissues has shown that HSCs expressing endothelial 

protein C receptor are localized to the perisinusoidal niche of the fetal liver 

(Iwasaki et al. 2010). Recently, the use of ex vivo imaging has allowed an 

increasingly dynamic view of the interaction between fetal liver HSCs and the 

vascular niche. Sca1+ hematopoietic stem and progenitor cells (HSPCs) are 

localized near fetal liver endothelial cells. This phenomenon is conserved in the 

zebrafish caudal hematopoietic tissue, in which live imaging visualized 

endothelial cells ‘cuddling’ with HSPCs upon their arrival to the niche (Tamplin et 

al. 2015). While there is some understanding of the fetal liver HSC niche, how all 

these cell types cooperate to modulate a dramatic HSC expansion in the fetal 

liver is largely unknown.  

 

Vascular Bone Marrow Niche 

 Arguably the most highly studied HSC niche is the bone marrow 

vasculature. Immunofluorescence staining using signaling lymphocyte attractant 

molecule (SLAM) markers has shown that HSCs are preferentially localized 
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adjacent to sinusoidal vessels (Kiel et al. 2005; Ding and Morrison 2013). Use of 

a HSC reporter cell line (alpha-catulin-GFP) coupled with deep imaging of the 

bone marrow via an optical clearance technique further supported this finding. 

GFP+ HSCs were localized adjacent to sinusoids but distally from arterioles. Of 

interest, no difference was observed in the localization of quiescent versus 

cycling HSCs (Acar et al. 2015). Strikingly, the likelihood that an HSC is in 

contact with a sinusoid is five times greater than another hematopoietic cell type 

(Morrison and Scadden 2014). Recent work has compared the oxygen levels 

within the bone marrow of live animals and revealed that the lowest levels of 

oxygen were found in these perisinusoidal regions (Spencer et al. 2014). This is 

consistent with the hypothesis that HSCs reside in a hypoxic niche (Suda et al. 

2011). Further describing the bone marrow vasculature, it was determined that 

arterial vessels are less permeable, as measured in live animals using 

rhodamine-dextran leakage, resulting in low levels of reactive oxygen species. 

The authors posit that this may serve to promote HSC maintenance. In contrast, 

sinusoidal vessels are less permeable and may represent a niche that promotes 

HSC activation (Itkin et al. 2016). These localization studies strongly implicate 

sinusoids as an HSC niche. 

 The identification of critical cytokines produced by the vasculature has 

further strengthened its claim as a critical HSC niche component. For example, 

the deletion of Scf (also known as Kit ligand) from hematopoietic cells, 

osteoblastic cells or Nestin+ stroma cells had no impact on hematopoietic stem 

cells. In contrast, deletion of Scf from endothelial cells depleted HSCs (Ding et al. 
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2012). Expression of Cxcl12, a chemokine known to be involved in HSC function, 

plays a role in HSC maintenance specifically when expressed by endothelial cells 

(Ding and Morrison 2013). While it is highly described, vasculature alone does 

not compose the HSC niche.  

   

Osteoblastic Niche 

 While osteoblasts were one of the originally described HSC niches, the 

data supporting their role in HSC function is not as strong as sinusoids. Deletion 

of Scf or Cxcl12 from osteoblastic cells did not have any detectable impact upon 

HSCs (Ding et al. 2012; Ding and Morrison 2013). The depletion of osteoblasts 

completely from bone marrow also did not impact HSCs. Further, HSCs are 

largely not localized near osteoblasts (Morrison and Scadden 2014). Though the 

current literature is not definitive, the osteoblastic niche may be dispensable for 

normal HSC function.  

 

Perivascular Niche 

In addition to sinusoids, perivascular cells are also important members of 

the hematopoietic stem cell niche. Expression of Scf from Leptin+ perivascular 

cells is necessary for HSC maintenance (Ding et al. 2012). Cxcl12 expression 

from Leptin+ perivascular cells is required for HSC retention in the bone marrow 

(Ding and Morrison 2013). Work with the alpha-catulin HSC reporter also 

demonstrated localization of GFP+ HSCs near Cxcl12high cells and Leptin+ cells 

(Acar et al. 2015).  A specific subset of perivascular cells is Cxcl12 abundant 
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reticular (CAR) cells. CAR cells express high levels of Cxcl12 and are localized 

near sinusoids and HSCs (Morrison and Scadden 2014). An ablation of this 

population negatively impacts HSC function (Omatsu et al. 2010).  

While the major players of the HSC microenvironment have been 

discussed, there is data supporting a few additional cell types. For example, 

multiple cell types of the nervous system have been implicated. Sympathetic 

neurons may regulate the levels of Cxcl12 expressed by perivascular cells 

(Katayama et al. 2006) and non-myelinating Schwann cells may control the 

levels of TGFbeta in the bone marrow microenvironment (Yamazaki et al. 2011). 

There is also evidence that macrophages can impact the levels of Cxcl12 present 

in the bone marrow microenvironment (Morrison and Scadden 2014). As a result 

it is clear a multitude of cells types are orchestrate in the homeostatic HSC niche. 

While there is a body of research attempting to elucidate the HSC niche, the 

dynamic way in which all these cell types work in concert to regulate HSC 

function, and how this may be changed after injury, is not completely understood. 

 

Hematopoietic Stem Cell Regeneration  

In response to an injury such as irradiation or chemotherapy, quiescent 

HSCs reenter the cell cycle to replenish and regenerate the hematopoietic 

compartment. However, in the event of a severe exposure, the degree of cell 

death within the bone marrow may be insurmountable, leading to lethality. As a 

result, there is considerable interest in the development of therapeutics able to 

speed HSC regeneration and improve survival. Hematopoietic injury can be 
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unintentional, such an accidental radiation exposure or an attack. However, it is 

also often delivered intentionally. Radiation and chemotherapy are commonly 

delivered to treat malignancies (Mendelson and Frenette 2014). The more severe 

dosage of chemotherapy or radiation a patient can survive, the more effective the 

treatment will be in destroying tumor cells. After a severe injury, like 

chemotherapy, granulocytes are the first cells to die, followed by platelets and 

erythrocytes (Mauch et al. 1995). HSCs must proliferate and differentiate to 

recover these lost cells and to ensure survival. When endogenous HSCs are too 

severely damaged to reconstitute the hematopoietic compartment, 

transplantation of healthy donor HSCs is an option to aid recovery. 

Hematopoietic stem cell transplantation (HSCT) is the only curative option 

available for treatment of leukemia, lymphoma, myeloma as well as certain 

immune disorders. Patients undergo a severe course of radiation and/or 

chemotherapy to ablate their existing bone marrow. Healthy HSCs are then 

transplanted into the patient to regenerate a healthy hematopoietic compartment. 

HSCs can be isolated directly from the bone marrow, from G-CSF mobilized 

peripheral blood or umbilical cord blood (UCB). At present, mobilized peripheral 

blood is most commonly used in the clinic (Mendelson and Frenette 2014). 

However, available resources limit this treatment option. While family members 

may be able to supply a suitably matched donation, only about a quarter of 

patients are able to utilize this option (Goessling et al. 2011). Recently, the field 

has shifted its focus to methods that expand UCB-derived HSCs ex vivo prior to 

transplantation with the aim to speed bone engraftment and reconstitution. UCB 
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HSCs are an advantageous option due to their looser matching requirements and 

availability in registries (Wagner et al. 2016). Their disadvantage is that a UCB 

sample has limited HSC numbers and delayed engraftment, hence the motivation 

to find pharmacological methods to speed their expansion. Research has 

focused on elucidating the mechanisms involved in hematopoietic regeneration 

to aid in the development of therapies to further speed recovery. Thus far, this 

work has implicated multiple developmental signaling pathways. 

In addition to its role in normal self-renewal, Wnt signaling is also involved 

in HSC regeneration (Reya et al. 2003; Congdon et al. 2008; Lento et al. 2014). 

Activated β-catenin and Wnt3a have been shown to expand the HSC pool while 

Wnt signaling inhibitors block HSC growth (Reya et al. 2003). Post-injury, the 

bone microenvironment expresses higher levels of Wnt10b, which activates 

proliferation of hematopoietic precursors (Congdon et al. 2008). In addition, an 

upregulation of Wnt activity was observed after irradiation using Wnt reporter 

mice. Consistent with this, β-catenin deficient mice have a strongly impaired 

regenerative capacity in response to both chemotherapy and irradiation (Lento et 

al. 2014). Additional developmental signaling pathways are implicated in HSC 

recovery. TGFβ signaling activity is increased after an injury and Notch signaling 

regulates regenerating HSCs (Brenet et al. 2013; Mendelson and Frenette 2014).  

 Upon hematopoietic injury, such as irradiation, the bone marrow niche 

also undergoes changes. The extravascular levels of oxygen in the bone marrow 

increase, possibly to induce HSC activation (Spencer et al. 2014). Further, 

irradiation appears to cause severe damage to the sinusoids, which may force 
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the reliance of HSCs upon other domains in the bone marrow. Interestingly, after 

irradiation, transplanted HSCs home more closely to the endosteal regions within 

the bone marrow (Morrison and Scadden 2014). This understanding of how 

hematopoietic stem cells and the niche respond to injury has contributed to the 

development of therapeutics capable of mitigating or protecting against injury, 

which may be successful enough reach clinical applications.  

 

Techniques to speed Hematopoietic Recovery 

 To enhance HSC recovery without transplantation, work has focused on 

treatments of the hematopoietic compartment in vivo either before or after injury. 

After radiation injury, HSCs need to repair the damage incurred to their DNA. 

One group proposed that by inducing cell cycle arrest immediately before or after 

injury, HSCs would be less susceptible to irradiation induced cell death. By 

inducing a G1 arrest using a CDK4/6 inhibitor, mice displayed significant 

improvements in survival from lethal radiation doses (Johnson et al. 2010). 

Administration of a Toll-like receptor 5 (TLR5) agonist increases NF-κB signaling 

and improves survival from lethal irradiation exposure in both murine and primate 

models (Burdelya et al. 2008). In both of these examples, the treatment did not 

have any impact upon malignant cells, only improving survival of non-cancerous 

cells. Interestingly, the increase in TGFβ signaling after injury was involved not in 

the regeneration of HSCs, but in slowing the proliferation of HSCs after recovery 

is complete. By inhibiting TGFβ signaling, researchers were able to speed up the 

cellular recovery of the hematopoietic compartment (Brenet et al. 2013). 
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Treatment with recombinant activated protein C is able to mitigate the impact 

when dosed shortly after irradiation (Geiger et al. 2012). A unique therapeutic 

that has reached clinical testing is patient fasting. Prolonged fasting has shown 

promise in both murine and human testing to aid HSC regeneration from 

chemotherapeutic injury (Cheng et al. 2014). While the efficacy of patient fasting 

does implicate the importance of a modulation of metabolism in aiding recovery, 

a pharmacological therapeutic is highly preferable for patient care. Research thus 

far has made some strides towards the mitigation of hematopoietic injuries. 

However, these injuries most often are incurred deliberately as part of a cancer 

treatment regimen. To our knowledge, no therapy currently exists capable of both 

enhancing normal cell recovery while targeting malignant cells.   

 

Techniques to speed HSC Engraftment and Expansion   

Some efforts have been successful in identifying small molecules capable 

of expanding UCB HSCs ex vivo as well as yielding improved engraftment upon 

xenotransplantation. Modulation of signaling pathways, previously implicated in 

HSC regulation, proved capable of HSC expansion. Cooperation between AKT 

signaling activation by insulin and Wnt signaling activation through GSK3β 

inhibition expanded HSCs (Perry et al. 2011). Delta-1, a Notch ligand, 

pleiotrophin, and angiogenin treatment have independently demonstrated UCB 

HSC expansion as well (Ohishi et al. 2002; Himburg et al. 2010; Goncalves et al. 

2016). Two molecules have arguably had the most success and are currently 

undergoing clinical trials. The small molecule StemRegenin-1 (SR-1) is an aryl 
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hydrocarbon receptor antagonist that was identified as a regulator of HSC 

expansion by a small molecule screen. This work displayed a very dramatic 17-

fold increase in engraftment of human cells in immunodeficient mice after a long-

term culture of UCB cells with SR-1 ex vivo (Boitano et al. 2010). SR-1 has 

demonstrated early success in clinical testing as well. It has displayed no safety 

concerns and patients receiving a partially SR-1 treated HSCT displayed faster 

engraftment times as well as complete engraftment success (Wagner et al. 

2016). Prostaglandin E2 (PGE2) has also reached clinical trials. Interestingly, this 

molecule was identified from a chemical genetic screen performed in zebrafish. 

In mice, PGE2 administration ex vivo improved HSC long term repopulating 

ability (North et al. 2007). Culture with PGE2 was effective in improving the 

engraftment of human HSCs upon xenotransplantation. Further success was 

also demonstrated in primate models (Goessling et al. 2011). PGE2 has 

demonstrated safety and preliminary efficacy in clinical trials (Cutler et al. 2013). 

Current research has demonstrated that pharmacological modulation of HSCs ex 

vivo can yield some success in HSC expansion and engraftment. New therapies 

as well as combinatorial approaches must be pursued to further improve patient 

outcomes.  As our understanding of basic HSC mechanisms expands, such as 

the regulatory role of the microenvironment and metabolism, it will further our 

ability to generate therapeutics to accelerate hematopoietic regeneration.  
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PREFACE TO CHAPTER 2 

 Chapter 2, in full, is an article published in Nature Communications. The 

work in Chapter 2 utilizes newly developed advanced imaging and computational 

tools, coupled with a knock-in reporter mouse, to understand the dynamic 

interactions of hematopoietic stem and progenitor cells with the bone marrow 

microenvironment. This is the first reported characterization and application of 

the Musashi2-GFP reporter mouse in the hematopoietic system. By applying 

these methods and tools, we were able to further the understanding of the HSC 

bone marrow niche and therefore hematopoietic stem cell biology at large.  
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ABSTRACT 

Although we know a great deal about the phenotype and function of 

hematopoietic stem/progenitor cells, a major challenge has been mapping their 

dynamic behavior within living systems.  Here we describe a strategy to image 

cells in vivo with high spatial and temporal resolution and quantify their 

interactions using a high-throughput computational approach. Using these tools, 

and a new Msi2-reporter model, we show that hematopoietic stem/progenitor 

cells display high spatial affinity for contacting the vascular niche, and a temporal 

affinity for making stable associations with these cells. These preferences are 

markedly diminished as cells mature, suggesting that programs that control 

differentiation state are key determinants of spatiotemporal behavior, and thus 

dictate the signals a cell receives from specific microenvironmental 

domains.  These collectively demonstrate that high-resolution imaging coupled 

with computational-analysis can provide new biological insight, and may in the 

long-term enable creation of a dynamic atlas of cells within their native 

microenvironment.  
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INTRODUCTION 

The hematopoietic system is responsible for generating all the cells of the 

blood and immune system. The development of fully mature cells from immature 

hematopoietic stem and progenitor cells occurs in a highly regulated manner 

within the bone marrow, the primary site of adult hematopoiesis (Orkin and Zon 

2008). Here, cells integrate a multitude of soluble and cell contact-derived signals 

from their microenvironment or niche to achieve and maintain tissue homeostasis 

(Wilson and Trumpp 2006; Yin and Li 2006; Kiel and Morrison 2008), as well as 

to initiate regeneration in response to injury (Wagers 2012). Defining the dynamic 

interactions of hematopoietic cells with the microenvironment over time and 

space is thus critically important to better understanding hematopoiesis. 

Traditionally, studies of these interactions have been largely restricted to 

static analysis primarily due to limitations in imaging technology and tissue 

accessibility (Calvi et al. 2003; Zhang et al. 2003; Arai et al. 2004; Kiel et al. 

2005; Butler et al. 2010; Kunisaki et al. 2013; Nombela-Arrieta et al. 2013). Of 

note, advances in the field have improved the utility of this approach. For 

example, in a recent study, optical clearing of the bone marrow permitted deep 

confocal imaging of hematopoietic cells and digital reconstruction of the marrow 

cavity (Acar et al. 2015). However, the dynamic changes that occur as cells 

interact with components of the bone marrow microenvironment are not readily 

captured by these methods. To address this, several groups have used two-

photon intravital imaging within the bone marrow cavity of the calvarium (Sipkins 

et al. 2005; Lo Celso et al. 2009; Lo Celso et al. 2011) or the long bone (Kohler 
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et al. 2009). While these studies have provided valuable new ways to visualize 

the hematopoietic compartment and to generate three dimensional spatial 

models of the bone marrow microenvironment in living animals, there is a 

continued need for not only increasing spatiotemporal resolution, but also a 

strategy to track endogenous cells without transplantation and a means by which 

the ‘big data’ that is generated by such imaging approaches can be analyzed to 

reveal new biological patterns. This would enable us to better map the 

interactions, signals and mechanisms that govern hematopoietic cell behavior 

and function in vivo, and thereby understand how this can fail in disease and 

degeneration.  

To address this need we have developed an approach that allows real-

time imaging of hematopoietic cells in context of their living microenvironment 

with high spatial and temporal resolution. Notably, the resolution achieved has 

allowed us to build a new analytic tool that permits in vivo tracking of individual 

cells and their temporal and spatial behavior relative to microenvironmental 

niches. In addition to tracking transplanted hematopoietic cells, we also tracked 

endogenous immature hematopoietic cells using a newly developed Musashi2 

(Msi2) knock-in reporter mouse. This mouse reports endogenous expression of 

Musashi2 (Reporter for Musashi2, REM2) with enhanced green fluorescence 

protein (eGFP) (Fox et al. 2016). Because Msi2 is highly expressed within 

hematopoietic stem and progenitor cells (Ito et al. 2010), Msi2GFPbright 

expression faithfully marks an immature hematopoietic population, which can be 

dynamically tracked in vivo. This reporter mouse in conjunction with high 
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resolution live imaging makes it possible to dynamically track endogenous 

immature cells in vivo. Using these tools we have identified spatial ‘hotspots’ 

within the microenvironment: areas where hematopoietic stem and progenitor 

cells preferentially reside and interact. Specifically we find that immature 

hematopoietic cells have a significant preference for being in stable contact with 

vascular domains, while differentiated cells make more short-term interactions 

and frequently shuttle between the vascular and endosteal domains. These 

suggest that differentiation state can control the spatiotemporal behavior of 

hematopoietic cells and the programs that control cell fate also dictate the kinds 

of signals cells will be exposed to by virtue of their localization in specific 

microdomains. These data show that high-resolution imaging coupled with an 

effective high-throughput computational approach can be provide new biological 

insight into the dynamics of hematopoietic cells in their microenvironment, and 

can be used to establish a baseline to study changes in hematopoietic cell 

interactions within the niche during regeneration and oncogenesis.     

 

RESULTS 

Real time imaging  

To understand how hematopoietic stem and progenitor cells behave in 

living tissues, we developed a real-time imaging strategy to visualize cells in high 

resolution over extended periods of time.  We used fluorescent protein-

expressing transgenic mice to observe the spatial orientation of the bone marrow 

cavity, and a typical confocal microscope to view the mouse calvarium (Figure  
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Figure 2.1. Real-Time imaging 
(a) Representative photo showing architecture of imaging area in mouse calvarium.  Red-
dashed boxes indicate representative areas imaged.  Black dashed box highlights the central 
sinus.  Parasagittal sinusoids flank either side of the central sinus.  (b) Representative 10x 
image of transgenic dsRed mouse calvarium.  White dashed lines highlight the central sinus.  
Scale bar = 150µm.  (c) Representative 20x image of dsRed bone marrow. Closed triangles 
depict transplanted Lin-GFP+ cells in microenvironment.  Scale bar = 80µm.  See 
corresponding Supplementary Movie 1.  (d) Still image of a Lin-GFP+ hematopoietic cell 
(closed triangle) rolling along the vessel wall in a dsRed recipient mouse, shown are images 
taken at t=0 (left panel) and at endpoint t=05:41 (right panel).  See corresponding 
Supplementary Movie 2.   Inlay = 1.5x zoom, scale bar = 80µm.  (e) Still image of a Lin-GFP+ 
hematopoietic cell in division.  t=0: arrow identifies cell preparing to divide, t=6:23: arrows 
indicate cell in the midst of division and t=25:02: arrows indicate two daughter cells.  See 
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1a) (Mazo et al. 1998).  Mice were anesthetized, their calvaria exposed, and they 

were placed either inverted on an imaging apparatus or upright in a stereotactic 

device. Stabilization of animals was important for limiting breathing artifacts that 

can occur during an imaging session, and consistency of animal orientation was 

crucial for successful imaging of the same region (in the parasagittal sinusoids) 

between mice and between experiments over extended periods of time 

(Supplementary Fig. 1).  

To highlight the features of the bone marrow microenvironment, mice with 

constitutive expression of dsRed under the control of a ubiquitous promoter were 

used(Vintersten et al. 2004).  This strategy provided a counterlabel and had a 

“backlighting” effect for visualizing microenvironment cells.  A typical 10x image 

of the bone marrow of a dsRed mouse is shown in Figure 1b.   When analyzing 

hematopoietic cell movement, we used a higher magnification objective (20x) to 

achieve greater spatial resolution (Figure 1c). The use of transgenic mice 

expressing dsRed.T3 (Bevis and Glick 2002) to create a labeled 

microenvironment was particularly important in allowing tracking of hematopoietic 

cell encounters and associations with the niche at a single-cell level.   

The high degree of temporal and spatial resolution allowed clear 

visualization of transplanted cells interacting for several minutes to several hours 

with specific niches. In these experiments, actin promoter-driven GFP+ 

hematopoietic progenitor cells, as defined by the absence of lineage markers 

(Lineage negative or Lin-), were transplanted into dsRed recipient mice (Figure 

1d, Supplementary Movie 1). This strategy provided a way to distinguish 
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associations that lasted short periods of time and those that were more stable, 

lasting several hours. Further, individual GFP+ cells could be tracked 

rolling/crawling along the endothelium within the calvarial marrow (Figure 1d, 

arrows, Supplementary Movie 2).  Finally, we were able to trace individual cells 

dividing in real-time (Figure 1e, Supplementary Movie 3), a testament to the 

single cell resolution achieved in this system.   

Different fluorescent proteins with multiple spectra were used to analyze 

distinct cell populations simultaneously.  To test imaging in multiple colors, we 

transplanted bone marrow cells from GFP and cyan fluorescent protein (CFP) 

donors into dsRed recipients.  As shown in the three-dimensional view of the 

recipient marrow, we could clearly distinguish both GFP+ and CFP+ cells within 

the dsRed backlit microenvironment (Figure 2a, Supplementary Movie 4). The 

use of multiple colors enabled comparative imaging of cells from distinct genetic 

backgrounds within the same niche. We also tested if we could monitor the 

signaling status of niche cells.  To this end, we crossed actin-dsRed mice to 

Transgenic Notch Reporter mice (TNR), in which GFP is predominantly 

expressed in cells responding to Notch signaling (Duncan et al. 2005; Mizutani et 

al. 2007; Wu et al. 2007). Notch signaling was active in cells surrounding areas 

of bone and in the endosteal region within the microenvironment (Figure 2b, 

asterisks). Further, the association of hematopoietic cells with reporter+ cells 

could be visualized by transplanting dsRed hematopoietic cells into TNR mice 

crossed to CFP mice (Figure 2c, Supplementary Movie 5). These data show that 
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hematopoietic cells and their interactions with cells responsive to a specific signal 

can be traced at a single cell level in vivo. 
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Figure 2.2. Multi-color analysis 
(a) Representative three-color analysis of a dsRed recipient transplanted with GFP+ and CFP+ 
whole bone marrow cells. Corresponding movie shows a z-stack step through the marrow 
microenvironment (corresponding Supplementary Movie 4).  Scale bar = 80µm, box 1.5x 
zoom of field.  (b) Representative image of dsRed mouse crossed to TNR showing Notch 
signaling domains within the bone marrow microenvironment; green signal reflects Notch 
reporter activity within the microenvironment (asterisks).  (c) Representative image of dsRed+ 
WBM transplanted into TNR.CFP mouse.  Green reflects Notch reporter activity within the 
microenvironment (corresponding Supplementary Movie 5).  Images a-c were obtained with a 
20x objective.  Scale bar = 80µm.  (d and e) dsRed mice (red) transplanted with GFP+Lin- cells 
(green) and co-labeled with conjugated probes to (d) endothelial cells (anti-VE-cadherin 
antibody, corresponding Supplementary Movie 6) and (e) the endosteal surface (Osteosense, 
corresponding Supplementary Movie 7).  Scale bar = 70µm. 
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Computational analysis  

The ability to clearly assess niches in real-time coupled with the spatial 

and temporal resolution allowed us to begin to generate a map of hematopoietic 

cell associations with the niche in homeostasis.  To maintain the most flexibility, 

we visualized elements of the environment using ectopically-delivered antibodies 

and probes.  Vascular endothelial cells and blood vessels were identified using 

anti-VE-cadherin antibodies and the in vivo probe angiosense, respectively 

(Figure 2d, Supplementary Fig. 2a-b, Supplementary Movie 6), and the endosteal 

region was identified using the in vivo probe Osteosense (Figure 2e, 

Supplementary Fig. 2c-d, Supplementary Movie 7). Other potential niche cells, 

such as tissue macrophages, could also be visualized using this strategy 

(Supplementary Fig. 2e, Supplementary Movie 8), and may be of future interest.  

The spatial location of GFP+ transplanted cells could be clearly viewed 

relative to the microdomain of interest (Figure 2d, e, arrows). Beginning with the 

raw image set, our software automatically corrects for lateral drift between 

images, identifies individual cells, and tracks the position of each cell over time 

using particle tracking software (Figure 3a, Supplementary Movie 9, see 

methods).  The program then records the x and y coordinates at each time point, 

as well as the distance traveled and cellular velocity. In addition, with defined 

endosteal and vascular microdomains (another input to the software), the 

program calculates the closest distance between these regions and each cell. 

For example, Figure 3a shows how one cell, which initially localized close to a  
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Figure 2.3. Computational image analysis of spatial dynamics 
 (a) Automated analysis enables tracking of individual cells (green) over time, and 
determination of the distance from the vascular (outlined in red) and endosteal (outlined in 
gray) regions. See corresponding Supplementary Movie 9.  (b) For the same cell shown in (a), 
the distance to the endosteal (gray line) and vascular (red line) regions as well as the cell 
velocity (green line) are shown.  (c and d) Histograms containing the distance to the vascular 
(c) and endosteal (d) regions for all cells analyzed at all time points assessed. Three “zones” 
were determined from these histograms: contact, proximal and distal.  (e) The same data 
shown in (b), but with the three zones highlighted. (f) Average cellular velocity for all cells 
observed in the bone marrow (regardless of lineage status), compared to the average velocity 
of two cells quantitated in a blood vessel.   
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vascular (red) region, migrated over time towards an endosteal (gray) region.  

Figure 3b is a trace depicting the quantitative data derived using our software. 

Using this approach, we wanted to determine if there were characteristic 

distances at which hematopoietic cells interacted with specific regions of the 

microenvironment. Thus, we first plotted each cell’s distance to the vasculature at 

every time point (Figure 3c). The resulting histogram suggested that a significant 

amount of cellular time was spent within five microns of the vasculature, and, 

based on visual confirmation, was designated as ‘contact’.  Interestingly, the 

region between 5 and 25 microns was also highly enriched in terms of cellular 

presence, and was designated as a ‘proximal’ zone.  Distances greater than 

25µm from a niche of interest were designated as a ‘distal’ zone.  These zones 

held true for the distribution of cells near the endosteum as well (Figure 3d). 

These data cumulatively suggested that there are spatial hotspots of 

associations within the greater hematopoietic microenvironment and allowed us 

to define criteria for associations of hematopoietic cells with the niche. 

These spatial criteria were then imposed on the trace of the cell tracked in 

Figure 3a; this analysis showed that the cell was initially in contact with the 

vasculature, followed by a proximal interaction with the vasculature and finally a 

proximal interaction with the endosteal region (Figure 3e). We added functionality 

to our software, which enabled us to identify, classify and quantify these 

interactions automatically (see Methods).  Using this tool, we found that the cells 

we tracked had 95 periods of interaction with either the vascular or endosteal 

regions and 24 periods of no interaction (i.e., classified as distal to both regions) 
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as a group.  It is likely that other niche cells within the overall microenvironment 

can also serve as hotspots for associations and may be intermingled in the 

‘proximal’ and ‘distal’ zones. 

Interestingly, the duration of cell interactions varied from about four 

minutes to over five hours.    Of the cells we tracked, 7% moved through the 

blood vessels and 12% moved through the microenvironment in under 2 minutes 

(Figure 3f); detailed measurements were thus extracted from the rest of the 

transplanted cells (n=95).  Based on the distribution of duration of cell 

interactions, interactions could be categorized into two groups: the cluster of 

interactions lasting less than 60 minutes were termed ‘short’; and interactions 

greater than 60 minutes were termed ‘long’ (Figure 4a).  In the cellular trace used 

as an example in Figure 4b, imposing such temporal criteria shows that the cell 

tracked in this case made one short contact with the vasculature lasting less than 

thirty minutes and remained distal to the endosteal niche at all times.   
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Figure 2.4. Comparative temporal dynamics of hematopoietic cells 
(a) Histogram showing duration of all the interactions (instances where cells were in contact 
with or proximal to a given region) calculated by this software. Two categories of interaction 
duration were identified: short (<60 minutes) and long (>60 minutes). (b) Cell trace depicting a 
short contact with the vascular region. Distance to the endosteal (gray line) and vascular (red 
line) regions as well as cell velocity (green line) for a representative cell is shown, highlighting 
a short contact interaction (dashed gates) with the vascular region. (c-f) Categorization of the 
interactions of KLS (black) and Lin- (gray) cells by region and duration. (c) The incidence of 
interactions per cell found in the vascular region, sorted by duration. P=0.10 for KLS (n=33 
cells) and **P=0.0126 for Lin- (n= 31 cells) by Student’s t test. (d) The incidence of 
interactions per cell found in the endosteal region, sorted by duration. P=0.09 for KLS (n=33 
cells) and P=0.09 for Lin- (n=31 cells) by Student’s t-test. Data represented as mean+SEM. 
(e) For each cell, the fraction of observation time (shown as percent) spent near (< 25 
microns; in contact or proximal to) the vascular (x-axis) and endosteal (y-axis) regions is 
plotted as a single point. Point overlap is indicated in the parentheses, where the first number 
represents KLS (black circle) and the second number Lin- (gray diamond) cells that fall in that 
point.  (f) Histogram containing the normalized average displacement for KLS and Lin- cells, 
where displacement is defined as the distance between a current cell position and its first 
recorded position, and the displacement is normalized by the total time a given cell was 
observed.   



 
 

48 

Comparative dynamics 

The ability to define interactions in terms of space and time provided 

suitable metrics for quantitatively comparing interactions made by distinct groups 

of cells. Using this approach we compared the dynamics of transplanted 

hematopoietic cells at different stages of differentiation in a normal environment.  

Specifically, we compared the behavior of three cell populations: 1) a stem cell 

enriched population using sorted c-Kit+ Lin- Sca-1+ (KLS), 2) a progenitor cell 

enriched population using a Lineage depletion (Lin-) and  3) a fully differentiated 

Lineage positive fraction (Lin+) isolated from the bone marrow.  This comparison 

revealed marked temporal and spatial differences in the interactions of mature 

and immature hematopoietic cells with their microenvironment. As shown in 

Figure 4c, KLS cells made approximately 3-fold more long interactions per cell 

with the vascular niche than Lin- progenitors cells, which made mostly short 

associations.  In contrast, both Lin- progenitors and KLS cells made more short-

term interactions with the endosteal niche than they did long-term associations 

(Figure 4d). Moreover, hematopoietic cells were found to associate with vascular 

niches the majority of the time (Figure 4e) and, consistent with their ability to 

interact with several microenvironmental elements, progenitor cells showed 

greater displacement from their origin over time (Figure 4f).   

Although the nature of the temporal interactions differed between KLS and 

Lin- progenitor cells, both of these populations displayed highly significant spatial 

affinities for contacting the vascular area (Figure 5a) compared to the 

endosteum. This preference was greatest in the most undifferentiated cells and 
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decreased with differentiation (approximate 17-fold increase in affinity for KLS, 

14-fold for Lin-, and 2-fold for Lin+ cells; Figure 5b). Interestingly, cell interactions 

were more evenly distributed with the proximal domain of the vascular and 

endosteal niche (Figure 5c and 5d). These data suggest a model where the 

programs that control lineage commitment and differentiation are closely linked to 

the spatial location and temporal interactions of cells within the niche, and that 

these molecular elements collectively ensure that the most immature cells 

receive cell-cell contact signals preferentially from the vascular endothelium, and 

soluble cues from both vascular and endosteal domains (Figure 5e).  
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Figure 2.5. Comparative associations of hematopoietic cells with vascular and 
endosteal regions 
(a) The relative fraction of time (shown as percent) in contact with the vascular or endosteal 
niche. **P=0.0016 for Lin-. ****P<0.0001 for KLS by Student’s t-test. Data represented as 
mean+SEM. (b) The relative contact frequency (vasculature/endosteal) of KLS (black), Lin- 
(gray) and Lin+ (solid hatched line) cells. (c) The relative fraction of time in proximal 
interactions with the vascular or endosteal niche. *P=0.0137 for Lin+ by Student’s t-test. Data 
represented as mean+SEM. (d) The relative proximal frequency (vascular/endosteal) of KLS 
(black), Lin- (gray) and Lin+ (solid hatched line) cells. (e) Model showing microenvironmental 
regions enriched for progenitor cell (Lin-) associations in homeostasis as an example. Cells 
are preferentially in contact with or proximal to the vascular niche but mostly proximal to, 
rather than in contact with, the endosteal region. Warmer colors (red) identify areas with a 
high probability of associations and cooler colors (blue) identify areas with a low probability of 
associations.  
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Tracking endogenous hematopoietic cells with a Msi2 reporter model 

To track endogenous hematopoietic stem and progenitor cells in vivo, we 

utilized the newly developed REM2 knock-in reporter mouse (Fox et al. 2016). 

This reporter was created by knocking in the eGFP cassette into exon 1 of the 

Msi2 gene in frame with the ATG start codon. Because this is the first use of the 

Msi2GFP reporter mouse for imaging normal hematopoietic cells, we wanted to 

ensure that the disruption of one allele of the Msi2 gene caused by insertion of 

the reporter cassette did not impair stem/progenitor cell function. Our 

experiments show that Msi2+/+ and Msi2+/GFP LT-HSCs have equivalent colony 

forming ability in vitro (Supplementary Fig. 3a) as well as reconstitution ability in 

vivo (Supplementary Fig. 3b); further we could not detect any difference in the 

ability of Msi2+/+ and Msi2+/GFP stem and progenitor cells to migrate towards 

chemokines indicating the heterozygous cells likely reflect normal hematopoietic 

cell behavior (Supplementary Fig. 3c). In accordance with the known pattern of 

Msi2 expression, reporter expression was highest in immature stem/progenitor 

cells and decreased with differentiation and lineage commitment. Specifically, 

KLS cells, which contain both stem and progenitor cells, and KLSCD150+CD48- 

cells which represent highly purified stem cells, were 99.5% and 100% positive 

for reporter expression, respectively, and contained within the Msi2GFPbright 

fraction (Figure 6a). This pattern was also consistent during embryonic 

development:  thus in the fetal liver, KLS cells and the more stem cell pure 

KLSAA4.1+ population were 98% and 100% positive for reporter expression, 

respectively (Figure 6b), and expression dropped with differentiation. Overall,  
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Figure 2.6. Msi2 reporter expression in stem/progenitor and differentiated 
hematopoietic cell populations 
(a) Representative flow cytometry plots show histograms of Msi2GFP fluorescence intensity in 
KLSCD150+CD48-, KLS, Lin-, Linlo and Linhi cells from adult bone marrow. (b) Representative 
flow cytometry plots show histograms of Msi2GFP fluorescence intensity in KLSAA4.1+, KLS, 
Lin-, Linlo and Linhi cells derived from E15.5 fetal liver. (c) Representative flow cytometry plots 
showing GFP expression in control (wildtype, non-reporter) bone marrow (light grey, dashed), 
Msi2GFPbrightLin- cells (black), and differentiated cells from Msi2GFPreporter mouse (colored). 
(d) Representative flow cytometry plots showing GFP expression in control (wildtype, non-
reporter) fetal liver cells (light grey, dashed), Msi2GFPbrightLin- cells (black), and differentiated 
cells from Msi2GFP reporter mouse (colored). (e) Quantification of mean fluorescence 
intensity (MFI) of Msi2GFP in control bone marrow (wildtype, non-reporter), differentiated 
lineages and Msi2GFPbrightLin- immature cells. (f) Quantification of mean fluorescence intensity 
(MFI) of Msi2GFP in control fetal liver, differentiated cells and Msi2GFPbrightLin- 
undifferentiated cells. 
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approximately 90% of the Msi2GFPbright population in the adult bone marrow, and 

95% of the Msi2GFPbright population in the E15.5 fetal liver, were Lineagenegative/lo. 

Thus, Msi2GFPbright expression identified a nearly pure Lineagenegative/lo 

population, one containing immature uncommitted cells that have not begun to 

express lineage markers and are thus not lineage committed. While there was 

some dim Msi2GFP expression in lineage committed cell populations in the bone 

marrow (B220, CD3, Gr1, Mac1), this expression was 7-28 fold dimmer than 

expression seen in immature cells, consistent with observations in the fetal liver 

(Figure 6c-f). 

 To set up our imaging parameters, we exploited the expression differential 

between differentiated B220+ cells and Msi2GFPbright cells. Specifically, the fact 

that B220+ cells were on average 8-fold dimmer (Figure 7a), allowed us to 

threshold out the Msi2GFPdim cells and visualize only the Msi2GFPbright cells 

(Figure 7b,c). The settings used were determined by transplanting Msi2GFPbright 

and B220+ (Msi2GFPdim) cells into separate recipients and defining the voltage 

gates at which the B220+ cells were undetectable. To facilitate these studies, the 

Msi2GFP reporter mouse was crossed to a dsRed mouse to provide a 

counterlabel. Interestingly, all of the Msi2GFPbright cells were localized in contact 

or proximally to the vasculature, with the majority being in contact with the 

vascular cells (Figure 8a-c). In contrast, the majority of Msi2GFPbright cells 

observed were localized distally from the endosteum (Figure 8d-f). In addition to 

spatial analysis, we also dynamically tracked Msi2GFPbright cells over time. A 

representative Msi2GFPbright cell is shown in contact with the vasculature  
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Figure 2.7. Imaging Msi2GFPbright cells in vivo enables tracking of endogenous 
immature cells 
(a) Representative flow cytometry plot showing Msi2 reporter fluorescence intensity in 
B220+ cells (light grey) and Msi2GFPbright cells (dark grey). (b) Experimental design to image 
and compare fluorescence intensity of Msi2GFP+B220+ cells and Msi2GFPbrightB220- cells in 
vivo. (c) Representative images showing visible transplanted Msi2GFPbrightB220- cells after 
voltage-gated thresholding so Msi2GFP+B220+ cells were undetectable. Scale bar = 40µm. 
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(Supplementary Fig. 4a). When tracked relative to the vasculature, there was no 

change in the distribution of the distance over the time tracked (Supplementary 

Fig. 4b). Consistent with this pattern, none of the Msi2GFPbright cells moved 

significantly enough to change the type of association (contact, proximal, or 

distal) they had with the microenvironment. We also examined the spatial 

interactions of endogenous immature hematopoietic cells within the fetal liver; 

here Msi2GFPbright cells associate with the vasculature via an even distribution of 

contact and proximal interactions (Figure 8g-i). Importantly, these data are 

consistent with the interactions of transplanted immature cell populations, 

emphasizing the physiological relevance of our findings that native hematopoietic 

stem and progenitor cells are particularly dependent on niches set up by vascular 

domain.   
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Figure 2.8. Comparative associations of endogenous undifferentiated hematopoietic 
cells with vascular and endosteal regions using Msi2 knock-in reporter mouse 
Representative image of Msi2GFP(green);dsRed(red) mice showing Msi2GFPbright cells 
localized near vasculature (a) (white) and endosteum (d) (white). Scale bar = 40µm. (b) 
Quantification showing the incidence of Msi2GFPbright cells localized in contact with, 
proximal, or distal to vasculature (n=43 cells from 5 mice). (c) Quantification of the mean 
distance to vasculature within contact, proximal, and distal regions. ****P<0.0001 (n=43 cells 
from 5 mice) by Student’s t-test. (e) Quantification showing the incidence of Msi2GFPbright 
cells localized in contact with, proximal, or distal to endosteum (n=33 cells from 5 mice). (f) 
Quantification of the mean distance to endosteum within contact, proximal, and distal 
regions. ***P=0.0003 (n=33 cells from 5 mice) by Student’s t-test. (g) Representative image 
of E15.5 Msi2GFP fetal liver showing Msi2GFPbright cells (green) localized near vasculature 
(white). Scale bar = 40µm. (h) Quantification showing the incidence of Msi2GFPbright cells 
localized in contact with, proximal, or distal to vasculature. (i) Quantification of the mean 
distance to vasculature within contact, proximal, and distal regions. ****P<0.0001 (n=52 
cells) by Student’s t-test. Data represented as mean+SEM. 
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DISCUSSION 

The approach we report provides a new framework for integrating very 

high-resolution long term in vivo imaging with high-throughput computational 

analysis (Table 1). The ability to use confocal microscopy makes this approach to 

real-time imaging significantly more accessible and provides far greater 

multichannel resolution relative to existing two-photon in vivo microscopy (Lo 

Celso et al. 2009; Lo Celso et al. 2011).   This spatial clarity allowed visualization 

of fundamental biological processes such as cell migration, division, 

extravasation and intravasation. Imaging of both transplanted as well as 

endogenous hematopoietic cells from a Msi2GFP knock-in reporter mouse 

revealed that hematopoietic stem/progenitor cells are generally localized in 

contact with the vasculature, but distally from bone. Finally we report a tool that 

enables high-throughput computational analysis of the ‘big data’ generated from 

in vivo imaging. To our knowledge, a method to reliably automate spatiotemporal 

information from large volumes of imaging data does not exist at the current time; 

thus the publicly available MATLAB program we have developed could be widely 

applicable, and thus a critical and novel contribution to the field. 

The combination of the imaging resolution with the computational capacity 

provided, for the first time, quantitated information about the activity of single 

cells in space and time in vivo. We analyzed two microenvironmental elements 

implicated in hematopoiesis(Calvi et al. 2003; Zhang et al. 2003; Arai et al. 2004; 

Kiel et al. 2005; Wilson and Trumpp 2006; Yin and Li 2006; Kiel and Morrison 

2008; Butler et al. 2010; Kunisaki et al. 2013; Nombela-Arrieta et al. 2013) and  
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Table 2.1: Highlights and advantages of imaging strategy 
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show that immature hematopoietic cells appear to interact with each in distinct 

ways, with preferential contact made with vascular domains, and equivalent 

levels of proximal associations made with vascular and endosteal domains. In 

the long term, overlaying the base spatio-temporal map with a map of molecular 

reporter activity may allow definition of the signals that are differentially activated 

in response to particular cell-niche associations. Our strategy could be further 

expanded to further study the dynamics of cell responses to injury, oncogenesis 

or inflammation.  The microenvironmental changes in each of these contexts will 

be unique and need to be tracked; for example after injury such as chemotherapy 

or radiation massive degeneration of microenvironmental structures occurs 

(Supplementary Fig. 5), indicating that associations may change dramatically in 

regeneration. The temporal resolution achieved could be useful in gaining insight 

into the dynamics of hematopoietic cells in biological processes such as 

regeneration that unfold over time.   

Analyzing large amounts of image data has become a critical bottleneck in 

the discovery process (Walter et al. 2010). To resolve this, we developed 

software that allows efficient quantitative characterization of each cell in terms of 

its position, motion and proximity to important niches. Approximately 41,968 

frames were analyzed in 20 minutes and required a total manual input time of 

about 3.5 hours. To compare it to manual analysis, we estimated that a person 

would need at least 30-60 seconds per frame to measure the distance between a 

cell and each microenvironmental domain, and a total of 350-700 hours, 

indicating the software decreased manual work by 100-fold. The fact that the 
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software provides a dramatic advantage over manual processing suggests it can 

serve as a more general high-throughput tool for spatio-temporal analysis of in 

vivo imaging data. The software also allowed calculation of the velocity of blood 

cells moving both within the bone marrow or flowing through a blood vessel. This 

capability could be useful for example in defining how closely ‘induced’ blood 

cells generated from directed differentiation strategies resemble ‘naturally born’ 

blood cells. In fact as the field of regenerative medicine matures, it is intriguing to 

speculate that this type of tool could prove important for in vivo assessment of 

cells derived from directed differentiation methods prior to clinical use (Vo and 

Daley 2015).  

Our imaging analysis identified both spatial and temporal differences in 

the interactions of hematopoietic cells with vascular and endosteal regions in 

homeostasis (Supplementary Movie 10). Further, it revealed that the dynamic 

behavior of hematopoietic cells in vivo is directly related to their differentiation 

state. Thus hematopoietic stem/progenitor cell enriched fractions have far higher 

spatial and temporal affinity for vascular domains, whereas differentiated cells 

shuttle more frequently between the vascular and endosteal domains, and exhibit 

less stable interactions.  This suggests that immature cells are more dependent 

on the niches they are part of and thus retained more readily, and that this 

dependence diminishes with maturation, allowing cells to leave.  In the longer 

term, the introduction of additional niche markers as well as other cell types could 

easily be accommodated by these techniques and allow the development of a 
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comprehensive dynamic atlas of hematopoietic cell interactions within the bone 

marrow microenvironment. 

The Msi2GFP reporter mouse is an exciting tool that has enabled us to 

dynamically track endogenous immature hematopoietic cells both temporally and 

spatially. Hematopoietic stem/progenitor cells in Msi2 reporter mice were largely 

localized in contact with the vasculature, and distally from the endosteum 

suggesting that the vascular niche is particularly supportive of these 

undifferentiated cells in this context as well. Interestingly, the association of 

Msi2GFPbright cells with the vascular domain was highly stable, with almost all 

encounters scored as ‘long’ interactions. The dominance of stable long 

interactions was in contrast to the more temporally distributed interactions (long 

and short) recorded from transplanted stem/progenitor cells. While we have used 

the Msi2 reporters to establish a baseline for normal hematopoietic stem and 

progenitor cells, they could be useful in multiple contexts: for example, we have 

used this model to track heterogeneity within aggressive solid cancers, and find it 

enables successful identification of tumor propagating cells, and therapy 

resistance in pancreatic cancer (Fox et al. 2016).  

 The work reported here highlights the power of visualizing tissues using 

high-resolution live microscopy to illuminate the bone marrow environment that is 

critical for the self-renewal and differentiation of hematopoietic stem and 

progenitor cells. The ability to observe different cell types simultaneously in vivo 

is a powerful tool for analyzing and understanding the nature of processes such 

as regeneration or oncogenesis, where new regulators may be difficult to 
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discover with static approaches alone.  Because the principles of the imaging 

paradigm and computational analysis we developed can be applied broadly, our 

work also raises the exciting possibility that use of this strategy may ultimately 

allow a dynamic view into an array of tissues and organs whose architecture and 

living physiology will be important areas of future investigation.   
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MATERIALS AND METHODS 

Animals and Cell Isolation  

Hematopoietic stem and progenitor cells were isolated from 8-12 week old 

Actin-GFP mice (Jackson Labs, Bar Harbor, ME) as described(Domen 2000). 

Whole bone marrow was lineage depleted via magnetic activated cell sorting 

(MACS; Miltenyi Biotec, Bergisch Gladbach, Germany) using an AutoMACS 

sorter (Miltenyi Biotec).  Subsequent lineage-depleted cells were stained using 

PE-conjugated antibodies CD3e, CD4, CD8, B220, CD11b, Gr-1 and Ter119 

(eBiosciences) and sorted for Lin+ and Lin- fractions.  Analysis and cell sorting 

were carried out on a FACSVantage sorter (Becton Dickinson, Mountain View, 

CA) at the Duke Cancer Center Flow Cytometry Core Facility.  1.5x106 GFP+Lin- 

progenitors were transplanted via retro-orbital sinus into p15 DsRed2 or 8 week 

old mice (STOCK Tg(CAG-DsRed*MST)1Nagy/J, Jackson Labs).   Mice were 

imaged between 1 to 12 hours after adoptive transfer of GFP+Lin+ and GFP+Lin- 

progenitors.  For KLS cell isolation, whole bone marrow was enriched for cKit via 

magnetic activated cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach, 

Germany) using an AutoMACS (Miltenyi Biotec). cKit enriched cells were labeled 

for PE-conjugated antibodies for CD3e, CD4, CD8, B220, CD11b, Gr-1 and 

Ter119, APC-conjugated antibody cKit, and PE-Cy5-conjugated antibody for 

Sca1 (eBiosciences). Analysis and cell sorting were carried out on a FACS AriaIII 

sorter (Becton Dickinson, Mountain View, CA). 1.5x106 GFP+KLS cells were 

transplanted via retro-orbital sinus into 8 week old mice (STOCK Tg(CAG-

DsRed*MST)1Nagy/J, Jackson Labs).  Mice were imaged 24 hours after 
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adoptive transfer of GFP+KLS cells. REM2 (Msi2+/GFP) reporter mice were 

generated by conventional gene targeting (Genoway, France). The eGFP 

cassette was knocked into exon 1 of the Msi2 gene in frame with the ATG start 

codon18. Msi2GFP reporter mice imaged were between 3-8 weeks of age. Both 

male and female mice were used for experimental purposes. All animal 

experiments were performed according to protocols approved by the Duke 

University and University of California San Diego Institutional Animal Care and 

Use Committee. 

 

Mouse Preparation and Imaging  

Mice were anesthetized by intraperitoneal injection of ketamine and 

xylazine (100/20 mg/kg).  Once mice were unresponsive to pedal reflex, heads 

were wiped down with 70% ethanol and hair was removed using Nair Hair 

Remover lotion (Church & Dwight Co., Inc., Princeton, NJ).  A midline incision 

was made using FST ToughCut Spring Scissors, 6mm curved blade (Fine 

Science Tools (USA) Inc., Foster City, CA) and skin was removed to expose the 

calvarium.  For inverted confocal microscopy using younger mice, the calvarium 

was kept moist with Aqua Poly/Mount (Polysciences, Inc., Warrington, PA) during 

the imaging session.  Mice were inverted and secured onto a custom microscope 

rig by placing a rubber band (size 10) through the bit of the mouth and observed 

through a 22x22mm coverslip (VWR International, West Chester, PA).  Mice 

were immediately taken to the confocal microscope for imaging and were kept 

under anesthesia using 1-3% isofluorane gas mixed with oxygen.  For upright 
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confocal microscopy, mice were placed in a mouse/neonatal rat stereotactic 

holder (Stoelting, Co. Wood Dale, IL), calvarium was exposed as described 

above and tissue was kept moist using 1x PBS (Gibco).  

 

Microscopy 

Images were acquired by Leica LAS AF 1.8.2 software with either an 

inverted Leica SP5 confocal system using a Leica DMI6000CS microscope or an 

upright Leica SP5 2 confocal system using a Leica DM 6000 CFS microscope.  

Using the inverted microscope, images were acquired using a 10x Leica Plan 

Apochromat objective with 0.40 numerical aperture for quantitation and a 20x 

Leica Plan Apochromat objective with 0.70 numerical aperture.  Using the upright 

microscope, images were acquired using an HCX APO L20x objective with a 1.0 

numerical aperture for still images and subsequent movies. Imaging of calvarium 

ranged from 60-100 microns. CFP (excitation 458nm, emission 463 to 500nm), 

GFP (excitation 488nm, emission 493 to 556nm) and DsRed2 (excitation 561nm, 

emission 566 to 650nm) were excited with an Argon/2 (458, 477, 488, 496, 

514nm) and Diode pumped solid-state (561nm) laser respectively. The power 

used for dsRed visualization was 8-12% of the appropriate laser. Images were 

continuously captured in 1024 x 1024 or 1024 x 512 format with line averaging of 

4 (approximately 10 or 5 seconds per scan, respectively) for up to 8 hours.  

Multicolor imaging for CFP and GFP were captured sequentially. 

 

Methylcellulose Colony Formation Assay 
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LT-HSCs (KLSCD150+CD48-) were isolated by FACS from bone marrow. 

Cells were plated in methylcellulose medium (Methocult GF M3434 from 

StemCell Technologies). Colonies were counted 7 days after plating. 

 

In vivo Transplantation Assay 

500 LT-HSCs isolated from bone marrow of mice expressing CD45.2 were 

transplanted into lethally irradiated (9.5 Gy) CD45.1 recipient mice with 3 x 105 

Sca1-depleted CD45.1 bone marrow cells. Peripheral blood of recipient mice was 

collected at 4 weeks after transplantation.  

 

Chemotaxis Assay 

Directed cell migration towards SDF1 was analyzed in vitro. Cells were 

kept in X-VIVO media (Lonza) and 600ul X-VIVO media supplemented with 

50ng/ml of SDF1 was added to the lower chamber of the transwell (Costar, pore 

size 5µm, 3421). 75,000 cells were loaded into the upper chamber and allowed 

to migrate for 18 hours at 37°C in a humidified CO2 incubator. After incubation, 

migrated cells were collected from the lower chamber and counted. 

 

Ex vivo Fetal Liver Preparation and Microscopy 

Mouse embryonic fetal livers were dissected at stage E15.5 from timed 

mating females. Fetal livers were incubated on ice with fluorescently conjugated 

antibodies for VE-Cadherin and B220 (eBiosciences). Fetal livers were plated for 

imaging in 1.5% low melting agarose (Sigma) with X-VIVO media (Lonza) and 
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10% FBS. Cultures were maintained at 37 °C and 5% CO2 using a Heating Insert 

P Lab-Tek S1 with an Incubator PM S1 (Zeiss). Images were acquired using an 

Axio Observer Z1 microscope with the LSM 700 scanning module (Zeiss). 

 

In Vivo Probe Administration 

Angiosense 680 and Osteosense 680 in vivo imaging probes (VisEn, 

Bedford, MA) were administered at a concentration of 2 nM in 150µl per mouse, 

and imaged within 30 minutes (Angiosense) or at least 24 hours (Osteosense) 

after administration.  Both products were excited using a HeNe 633 laser and 

emission was collected from 650 to 725nm.  Antibodies conjugated to AlexaFluor 

647 for VE-cadherin (eBiosciences) and F4/80 (eBiosciences) were administered 

at a concentration of 10ug diluted in 100ul, 15 minutes prior to imaging.  All 

products were excited using a HeNe 633 laser and emission was collected from 

650 to 725nm. 

 

Quantitative Analysis 

Images were analyzed using Volocity Software (Improvision, a 

PerkinElmer Company, Coventry, England).  Red and green channel noise was 

optimized using the fine filter, and image intensity gamma was used to reduce 

background within the green channel.  For GFP quantitation, 10x z-stacks (30 z-

planes for 120µm) were analyzed.  Briefly, objects were filtered by intensity and 

size and the sum of the isovolume (µm3) measurements were compared between 

mice.  Image enhancement and quantitation parameters were identical between 
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paired animals for each experiment.  Movies were made using Volocity software 

and exported to view as AVI movies at 15 frames per second and compressed 

using Microsoft Video 1 compression.  Supplementary Movie 2 rolling movie 

frame rate was reduced to 5 frames per second. 

 

High Throughput Imaging Analysis 

 All image processing and object tracking was performed in MATLAB 

(R2010b). Supplementary Movie 11 is a representative movie that was used for 

analysis. First, the movies were corrected for lateral (xy) drift by examining the 

cross-correlation between the first frame and every subsequent frame. Images 

labeled with cells were median filtered with a window size of 5 pixels, and then 

thresholded with a manual cutoff. Each candidate cell object was identified and 

the centroid calculated in each frame. Cells were tracked through time using 

particle-tracking software (http://physics.georgetown.edu/matlab/) and only tracks 

longer than 10 frames (~100 seconds) were considered valid.  The cells moved 

occasionally in three dimensions, briefly disappearing from the image for certain 

time points.  In such cases, the position data for that time point was estimated by 

linear interpolation between the values obtained from the preceding and following 

images. As a final check, the quantified data (x,y positions for each cell at each 

time point-as shown in Supplementary Data 1) was superimposed on the image 

stacks, and the resulting movies were then subjected to a manual review to 

ensure that no errors were made in tracking.  To classify cell locations as either 

vascular or endosteal, cell positions were compared to hand annotated images of 
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vascular and endosteal regions, as shown in Supplementary Figure 6. The 

minimum distance to a vascular and endosteal region was calculated for each 

position. To specify proximal and contact interactions, the distances to vascular 

and endosteal regions were compared across all datasets for all time points and 

distance cutoffs chosen appropriately. Interactions were classified as vascular or 

endosteal based on which region was closest, and contact and proximal 

interactions were decided with the previously described distance cutoffs. False 

interactions were suppressed in two ways: 1) contact and proximal distances 

were automatically adjusted by +/-1 micron for each cell 2) adjacent transient 

interactions (less than 200 seconds) were merged together. Finally, the track and 

interaction graph for each cell was verified by manual inspection. MATLAB code 

will be made available upon request.  
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Supplementary Figure 2.1. Schematic of intravital mouse imaging system 
(a) A side view depicting an anesthetized mouse placed in a stereotactic holder prepared for 
confocal microscopy. Ear bars stabilize the mouse in the holder. A breathing apparatus keeps 
the mouse under anesthesia with isoflurane gas. An imaging O ring is secured to exposed 
calvarial bone. Water is placed in the O ring, through which the objective is able to image the 
calvarium (b) An aerial view depicting an anesthetized mouse placed in a stereotactic holder 
prepared for confocal microscopy. 
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Supplementary Figure 2.2. Detection of vascular and endosteal surface in the bone 
marrow microenvironment 
Representative 10x and 20x images of mice treated with Angiosense 680 probe (a and b), 
which marks the vasculature. Representative 10x and 20x image of mice treated with 
Osteosense 680 probe (c and d), which marks active osteoblasts. (e) Still image of dsRed 
recipient labeled in vivo with monoclonal antibody for tissue macrophage marker F4/80.  
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Supplementary Figure 2.3. Functional Analysis of Msi2GFP hematopoietic cells 
(a) Number of colonies generated from Msi2+/+ and Msi2+/GFP LT-HSCs 
(KLSCD150+CD48-) (Not significant by Student’s t-test, n=3 technical replicates). (b) Average 
donor chimerism 4 weeks after transplantation (Not significant by Student’s t-test, 3-5 mice 
per cohort). (c) Number of ckit+Lin- cells from Msi2+/+ and Msi2+/GFP mice migrated in 
response to SDF1 (Not significant by Student’s t-test, n=3 technical replicates). Data 
represented as mean+SEM.  
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Supplementary Figure 2.4. Temporal Analysis of Msi2 reporter interactions with the 
niche 
(a) Representative image of a Msi2GFPbright cell (green) localized in contact with vasculature 
(white), shown are images taken at t=0 (left panel) and at endpoint t=01:05:17 (right panel). 
Scale bar = 40µm. (b) Histogram showing the distance of Msi2GFPbright cells to vasculature 
at t=0 (black) and t=40-70min later (grey) (n=24 cells from 3 mice). 
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Supplementary Figure 2.5. Irradiation causes severe degradation of the bone marrow 
microenvironment 
Representative images of bone marrow vasculature (white) in an unirradiated mouse (a) and a 
lethally irradiated (9.5Gy) mouse (b). Scale bar = 60 µm. 
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Supplementary Figure 2.6: Representative Image of Niche Domain Mapping 
A representative frame from a video of KLSGFP+ cells transplanted into a DsRed mouse. The 
location of domains was traced manually (vasculature in red, endosteum in white). This trace 
is used by our software to determine the distance of cells of interest to microenvironmental 
domains. Scale bar = 100 µm. 
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 Chapter 2, in full, is a reprint of the material as it appears in Nature 

Communications. Koechlein CS*, Harris JR*, Lee T, Weeks J, Fox RG, Zimdahl 

B, Ito T, Blevins A, Jung S, Chute JP, Chourasia A, Covert M, Reya T. “High 

Resolution Imaging and Computational Analysis of Hematopoietic Cell Dynamics 

In Vivo.” Nature Communications. 2016. The dissertation author was a co-

primary investigator and co-first author of this paper in collaboration with Jeffrey 

Harris, a former postdoctoral researcher in the Tannishtha Reya lab.  
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PREFACE TO CHAPTER 3 

Chapter 3 is a manuscript that is in preparation for submission. The work 

in Chapter 3 identifies novel regulators of hematopoietic stem cell self-renewal 

and regeneration from an expression analysis of expanding HSCs. Specifically, 

the expression of monocarboxylate transporters (MCTs) was strongly 

upregulated in expanding HSCs. Blocking MCT-mediated lactate transport in 

HSCs led to an improvement of HSC function both in vitro and in vivo. Further, 

MCT inhibition improves HSC regeneration from injury and expansion after 

transplantation.  
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ABSTRACT 

Hematopoietic stem cell (HSC) transplantation is a standard therapeutic 

used for the treatment of hematological malignancies, immunodeficiencies or 

radiation-induced bone marrow failure. However, due to limited available 

resources and transplant success, there remains an unmet need for therapeutics 

that increase hematopoietic stem cell expansion and engraftment to improve 

patient outcomes. To identify proteins involved in modulating stem cell function, 

we profiled HSCs after treatment with G-CSF, a cytokine commonly used to 

induce mobilization and proliferation of HSCs. Gene ontology analysis identified 

that metabolic programs were upregulated G-CSF treatment, including 

monocarboxylate transporters (MCTs). Functionally, the inhibition of 

monocarboxylate transporters 1 and 2 (MCT1/2) via AR-C155858 (AR-C) is 

capable of modulating HSC self-renewal and differentiation. A short term in vitro 

treatment of HSCs with AR-C led to a striking improvement in stem cell function 

in vitro and in vivo. In vivo treatment with AR-C accelerated cellular regeneration 

of the hematopoietic compartment after transplantation.  Further, AR-C treatment 

improved recovery after lethal doses of irradiation or chemotherapy. 

Mechanistically, AR-C treatment blocked lactate influx via MCT1/2 leading to 

increased extracellular lactate levels in the bone marrow compartment. High 

extracellular lactate levels led to increased activation of the G-protein coupled 

receptor Gpr81, recently identified as a lactate receptor. Gpr81 activation 

triggered a downstream program of increased hematopoietic stem cell function 

and regeneration. Collectively, this work presents MCT1/2 inhibition as a viable 
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clinical tool to aid hematopoietic regeneration and improve HSC transplant 

outcomes.  
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INTRODUCTION 

Hematopoietic stem cells (HSCs) are capable of self-renewing to maintain 

the hematopoietic compartment as well as to repair damage after injury (Kondo 

et al. 2003; Shizuru et al. 2005; Porada et al. 2015). In cases of severe injury this 

ability to repair is often inadequate, leading to bone marrow failure and death 

(Risitano et al. 2007). Accidental exposure to damaging agents, incurred as a 

result of a nuclear event or nitrogen mustard gas attack, can cause serious, 

potentially fatal, hematopoietic damage (Finch 1987; Champlin et al. 1988). 

During cancer treatment, chemotherapy and radiotherapy must be dose-limited 

due to the damage they cause to healthy cells. As a result, a clinical treatment 

that speeds hematopoietic recovery would enable the use of higher doses of 

radiation or chemotherapy to improve cancer treatment efficacy. The combination 

of radiation and HSC transplantation is used to treat combat-induced bone 

marrow failure as well as hematological malignancies or immunodeficiencies 

(Roncarolo et al. 2011). These current methods are limited by the success of 

donor engraftment as well as pancytopenia, highlighting the importance of 

identifying therapeutic targets capable of enhancing hematopoietic regeneration 

in vivo (Neven et al. 2009). 

To improve patient recovery after HSC transplantation, recent work has 

focused on expanding human hematopoietic stem cells ex vivo prior to 

transplantation. Umbilical cord blood (UCB) is advantageous for transplantation 

due to its accessibility and decreased need for human leukocyte antigen (HLA) 

matching, however low numbers of HSCs are available per sample (Cheuk 



	 86 

2013). Mobilized peripheral blood is also a commonly used clinical source of cells 

for HSC transplantation. Research has progressed further in this area recently as 

the use of pharmacologic agents, such as aryl hydrocarbon receptor antagonist 

SR-1 or the small lipid mediator dmPGE2, to expand HSCs ex vivo has reached 

clinical testing (Boitano et al. 2010; Goessling et al. 2011; Hagedorn et al. 2014; 

Wagner et al. 2016). To our knowledge, no therapeutics are currently available 

capable of both improving engraftment via pretreatment and accelerating 

expansion via in vivo treatment of the recipient after transplant.  

To identify molecular programs that may impact hematopoietic recovery 

and engraftment, we carried out a genome-wide expression analysis on HSCs 

isolated from mice treated with G-CSF, a cytokine known to induce proliferation 

and mobilization of HSCs and white blood cells (WBCs) to the peripheral blood. 

G-CSF is administered to patients to aid recovery from severe chemotherapy 

regimens (Ghalaut et al. 2008). This expression analysis revealed the strong 

upregulation of metabolic programs with G-CSF treatment. We mined the most 

upregulated metabolic genes for targets previously unstudied in hematopoiesis. 

Further, as we are interested in the discovery of therapeutics that aid 

hematopoietic regeneration and engraftment, we were also interested in targets 

with existing pharmacological inhibitors.  These screening parameters identified 

the metabolite transporters monocarboxylate transporters 1 and 2 (MCT1/2) as 

potential candidates for further study. Due to their high structural similarity, the 

available inhibitors target both isoforms MCT1 and MCT2. Monocarboxylate 

transporters mediate the proton-linked translocation of monocarboxylates across 
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the plasma membrane, such as pyruvate, lactate and ketone bodies (Halestrap 

2012). MCT1 and MCT2 are encoded by members of the Slc16 gene family, 

Slc16a1 and Slc16a7, respectively. Both display a strong affinity for the 

transportation of lactate (Halestrap 2013). Recent work has suggested 

metabolism may play a critical, though not yet fully understood role in regulating 

HSC function (Suda et al. 2011; Warr and Passegue 2013; Ito and Suda 2014; 

Wang et al. 2014). Further, the function of monocarboxylate transporters in stem 

cell biology, hematopoiesis, and regeneration was previously unknown, making 

them excellent candidates for study.  

To test the role of MCT1/2 in hematopoiesis, we largely utilized an existing 

MCT1/2 inhibitor, AR-C155858 (AR-C) (Ovens et al. 2010). AR-C treatment both 

in vitro and in vivo dramatically improved hematopoietic stem cell function. 

Delivery of AR-C in vivo produced an expansion of the hematopoietic 

compartment and accelerated bone marrow recovery after hematopoietic injury. 

Further, MCT1/2 inhibition improved engraftment of human HSCs in 

xenotransplantation models. As MCT inhibition promotes HSC expansion, we 

propose that under homeostatic conditions MCTs act as a brake to limit 

unnecessary expansion of HSCs. As MCTs transport lactate across the plasma 

membrane, this suggests that the concentration of lactate in the bone marrow 

environment acts as critical regulator of stem cell growth.  This functionality can 

be coopted by blocking MCT1/2 lactate transport to mitigate hematopoietic 

injuries and improve HSC transplant outcomes. 
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RESULTS 

Transcriptional profiling of G-CSF treated hematopoietic stem cells  

To identify molecular signals that are involved in the expansion of HSCs 

after treatment with G-CSF, we performed a genome wide expression analysis 

on HSCs isolated from mice after in vivo treatment with G-CSF. Interestingly, a 

gene ontology analysis of the top fifty genes upregulated in response to G-CSF 

treatment identified metabolic processes as one of the most highly represented 

biological processes induced by G-CSF administration (data not shown). Of this 

list of metabolic genes, we searched for targets that were previously unstudied in 

hematopoiesis for which pharmacologic inhibitors already existed. The most 

highly upregulated gene that fit these criteria was MCT1 (data not shown). Due to 

their highly similar structures, available inhibitors don’t target MCT1 alone. The 

majority target MCT2 as well. MCT2 was also similarly upregulated in response 

to G-CSF, though not significantly. Transcriptional profiling identified lactate 

transporters MCT1/2 as potential targets to improve HSC expansion and 

regeneration.  

First, we sought to identify any impact a loss of lactate transport via 

MCT1/2 may have upon HSCs. To test this, we knocked down their expression 

using retrovirally-driven shRNAs and performed colony-forming assays. 

Knockdown of MCT1 and MCT2 both increased the colony-forming ability of 

hematopoietic stem and progenitor cells (HSPCs) (Figure 1a,b). To 

pharmacologically target both transporters, we used AR-C, a potent inhibitor that 

blocks the function of both MCT1 and MCT2 by binding an intracellular site in the 
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C-terminal half of MCT1/2 (Ovens et al. 2010; Nancolas et al. 2015). Strikingly, 

pretreatment of HSCs with 100nM AR-C caused a doubling of HSC (HSC: 

cKit+Sca1+Lineage-CD48-CD150+) colony forming ability compared to a DMSO 

control treatment (Figure 1c). AR-C enhanced multilineage reconstitution of 

HSCs when treated before transplantation into lethally irradiated recipients. 16 

weeks after transplantation, donor chimerism of AR-C cells was increased four-

fold over DMSO treatment in peripheral blood (Figure 1d).  Further, donor 

chimerism was increased in the bone marrow (Figure 1e) and stem/progenitor 

populations compared to a DMSO control pretreatment (Figure 1f). These data 

suggest that AR-C treatment ex vivo improves the function of HSCs both in vitro 

and in vivo.  

As our goal is to identify a deliverable therapeutic, we tested the impact of 

AR-C administration upon hematopoiesis in vivo. Adult mice were treated with 

two doses (3 mg/kg) administered 6 hours apart. Analysis was performed after 

24 hours (Figure S1a). AR-C treated mice displayed a significant increase in 

multi-potent progenitors (MPPs: cKit+Sca1+Lineage-CD48+CD150-) and KLS 

(cKit+Sca1+Lineage-) cells (Figure S1b,c). Further, AR-C treated mice had an 

average increase of 4.5 million white blood cells per femur compared to control 

mice 24 hours after AR-C treatment (Figure S1d). Six days after treatment, AR-C 

treated mice had a significant increase in the absolute numbers of Lineage-, 

CD3+ and B220+ cells and an average increase of over 6 million white blood cells 

per femur  (Figure S1e-i). These data show that treatment with AR-C in vivo 

results in an expansion of the stem and progenitor cell populations. AR-C 
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treatment also strongly increases the overall cellularity of the bone marrow 

compartment, including differentiated cell types. Using a BrdU incorporation 

assay, we determined that six days after treatment with AR-C, there was a 

significant increase in cycling Lin- progenitors (Figure S2a,b).  Collectively, our 

data show that inhibition of MCT1/2 improves colony-forming ability in vitro and 

promotes increased cellularity of the hematopoietic compartment in vivo. 

Therefore, MCT1/2 transportation may normally function to dampen unnecessary 

proliferation. When this functionality is blocked by AR-C, the hematopoietic 

system expands.  
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Figure 3.1: Identification of HSC regulators MCT1 and MCT2  
Colony formation of HSPCs infected with control constructs (shLuc) or shRNAs 
targeting MCT1 (a) or MCT2 (b)(n=3 technical replicates). (a)*P=0.0194 
(b)**P=0.0017. (c) Colony formation of LT-HSCs treated with vehicle or 100nM AR-C 
(n=3 technical replicates). *P=0.0281. (d) Repopulation efficiency of vehicle and AR-C 
pretreated LT-HSCs. Average donor chimerism in peripheral blood at different times 
after transplantation of DMSO or AR-C pretreated LT-HSCs into lethally irradiated 
recipients (3-5 mice per cohort). Week 4: P=0.070. Week 8: *P=0.034. Week 12: 
*P=0.044. Week 16: *P=0.033 (e) Representative FACS plots show donor-derived 
chimerism (CD45.2 cells-boxed) in recipient bone marrow 16 weeks after 
transplantation. (f) Average donor chimerism in stem cell/progenitor populations in 
recipient bone marrow 16 weeks after transplantation. Lin-: *P=0.045. KLS: P=0.069. 
MPP: *P=0.031. LT-HSC: P=0.170.   
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MCT1/2 inhibition improves hematopoietic recovery after chemotherapeutic 

or radiation injury in vivo 

As hematopoietic cellularity is decimated by radiation and chemotherapy, 

we tested if this AR-C induced expansion could mitigate the severity of 

hematopoietic injuries. First we tested the impact of AR-C delivery before 

chemotherapy exposure. To this end, mice were treated with AR-C before 5-FU 

delivery (120mg/kg) and assessed for bone marrow recovery 14 days later 

(Figure 2a). As cKit expression is lost with 5-FU administration, we used the 

absence of lineage markers to identify stem and progenitor cells. AR-C treatment 

led to a 1.6-fold increase in stem/progenitor cells (Figure 2b). Further, AR-C 

treated mice displayed a 3.2-fold increase in Mac1+Gr1+ cells and a 3-fold 

increase in white blood cell counts (Figure 2c,d). The increased cellularity due to 

AR-C treatment was maintained after 5-FU treatment. Importantly this increase in 

cellularity also translates to decreased lethality. Pretreatment with AR-C 

significantly improved survival after a lethal course of 5-FU (150mg/kg), with a 

hazard ratio of 5.22 (Figure 2e). This suggests that AR-C induced expansion of 

the hematopoietic system can mitigate the damage accrued by chemotherapy.  

Though chemotherapy and radiation both induce high levels of cell death 

in the hematopoietic system, they utilize distinct mechanisms. 5-FU starves cells 

of thymidine, while radiation induces massive DNA damage. As a result, we were 

interested to identify if AR-C induced expansion can mitigate hematopoietic injury 

regardless of the cause. This would make AR-C an increasingly versatile 

therapeutic option. To this end, we determined the impact of AR-C on radiation 
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injury. Mice were treated with AR-C prior to a sublethal radiation dose (6gy) and 

analyzed 21 days later (Figure 3a). The absolute HSC count was more than 

doubled in AR-C treated mice (Figure 3b). The Mac1+Gr1+ and white blood cell 

count per femur of AR-C treated mice were also approximately double that of 

control mice (Figure 3c,d). Pretreatment with AR-C prior to a 7.5 Gy radiation 

dose led to a 27% improvement in survival (Figure 3e). Therefore, AR-C 

treatment is able to prevent the extent hematopoietic injuries regardless of injury 

source.  

Previous analyses were restricted to the impact upon hematopoietic cells. 

Radiation causes serious destruction of the bone marrow vasculature as well 

(Koechlein et al. 2016). To decipher the impact of AR-C treatment upon the 

entire bone marrow compartment of injured mice, we analyzed live bone marrow 

of regenerating mice. This was performed with a live calvarium imaging system 

used in conjunction with a Musashi2 knock-in reporter mouse line (reporter for 

Musashi2, REM2) (Fox et al. 2016). The Msi2GFPbright population can be used to 

visualize hematopoietic stem/progenitor cells in vivo (Fox et al. 2015; Koechlein 

et al. 2016). Further, fluorescently conjugated antibodies can be used to visualize 

microenvironmental domains, in this case, vasculature. Msi2+/GFP mice were 

pretreated with AR-C before a 6Gy sublethal irradiation (Figure 3f). This did not 

reveal any clear differences between the control and AR-C treated vascular 

structure. Concordant with our analysis 21 days after irradiation (Figure 3a-d), 

there was a clear enrichment of Msi2GFPbright immature hematopoietic cells. 

Quantification revealed a 2.7 fold increase in Msi2GFPbright cells within the bone 
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marrow (Figure 3g,h). This suggests that while AR-C speeds hematopoietic 

recovery, it does not impact recovery of the microenvironment. Collectively, we 

have demonstrated that mice pretreated with AR-C before injury have increased 

numbers of hematopoietic stem/progenitor cells and bone marrow cellularity, 

resulting in improved hematopoietic survival. 

 
 
 

  

Figure 3.2: AR-C treatment improves hematopoietic recovery from chemotherapeutic 
injury 
(a) Schematic of AR-C and 5-FU (120mg/kg) treatment. Absolute numbers of Lineage- (b), 
Mac1+Gr1+ (c), and whole bone marrow cells (d) per femur in Cytoxan treated mice (n=8-13 
mice per group). (b) P=0.13. (c) P=0.20. (d) *P=0.05. (e) Kaplan-Meier plot of mice treated 
with 150mg/kg 5-FU on days 0, 7, 14, 21 and 28. AR-C or vehicle pretreatment occurred as 
shown in (a) (n=6-7 mice per group). P=0.0318. 
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Figure 3.3: MCT1/2 inhibition improves hematopoietic recovery from radiation injury 
(a) Schematic of AR-C treatment before sublethal irradiation (6Gy).  Absolute numbers of 
LT-HSCs (b), Mac1+Gr1+ (c), and whole bone marrow cells (d) per femur in irradiated mice 
as described in (a) (n=10-11 mice per group). (b) *P=0.0482. (c)*P=0.0178. (d) 
****P<0.0001. (e) Kaplan-Meier plot of mice pretreated with DMSO or AR-C 24 and 4 
hours before irradiation (7.5gy) (n=12-13 mice per group). P=0.11. (f) Schematic of AR-C 
treatment before sublethal irradiation (6Gy) of Msi2GFP knockin mice. Mice are live 
imaged one-week post irradiation. (g) Representative images of vehicle or AR-C 
pretreated Msi2GFP(green) mice one-week post irradiation. Vasculature is shown in 
magenta. (h) Relative number of Msi2GFPbright cells per bone marrow area (n=2 mice per 
cohort). P=0.0151. 
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AR-C impairs malignant growth in vitro 

As MCT1/2 inhibition could be used to mitigate radiation and 

chemotherapy toxicity during cancer treatment, we tested the impact of AR-C 

upon malignant cells. Both MCT2 knockdown and AR-C treatment caused a clear 

decrease in blast crisis chronic myelogenous leukemia colony forming ability 

(Figure S3a,b). In addition, AR-C impaired the colony-forming ability of 

pancreatic cancer cells (Figure S3c). These data are supported by multiple 

groups who have reported the efficacy of MCT inhibition against cancer 

progression using both in vitro and in vivo models (Bola et al. 2014; Draoui et al. 

2014; Hanson et al. 2015; Kong et al. 2016). Lactate is a necessary fuel for 

tumor cell metabolism; MCT inhibition prevents its uptake resulting in cancer cell 

death (Sonveaux et al. 2008; Doherty and Cleveland 2013). MCT1/2 inhibition via 

a different inhibitor, AZD3965, is currently in Phase I clinical trials for treatment of 

prostate cancer, gastric cancer and lymphoma. To our knowledge, MCT1/2 

inhibition is the first example of a bimodal therapeutic, capable of regenerating 

healthy cells while targeting malignant cells. 

 

MCT1/2 Inhibition blocks L-Lactate influx activating Gpr81 

In Xenopus oocytes and rat erythrocytes AR-C blocks L-Lactate influx via 

MCT1/2 (Figure 4a)(Ovens et al. 2010). We confirmed this in the murine 

hematopoietic system as well. Whereas culturing cKit+ enriched progenitors with 

Lactic acid increased intracellular L-Lactate levels, pretreatment with 100nM AR-

C for one hour decreased the elevation of intracellular L-Lactate levels by 50% 
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(Figure 4b). Consistent with this, in vivo treatment with AR-C (dosing scheme 

shown in Figure S1e) led to ~40% decrease in intracellular L-Lactate levels in 

white blood cells derived from bone marrow (Figure 4c). In contrast, in vivo AR-C 

treatment led to ~40% increase in L-Lactate levels in the extracellular bone 

marrow serum (Figure 4d). These data show that in vivo AR-C treatment blocks 

the MCT-mediated influx of lactate into bone marrow cells, leading to raised 

levels of lactate in the extracellular space.  

 We hypothesized that increased extracellular lactate due to AR-C 

treatment likely impacted other signaling pathways, which then drove improved 

HSC function.  We focused on the G-protein coupled receptor Gpr81 whose 

agonist, lactate, was recently identified (Cai et al. 2008). Decreased cyclic AMP 

levels, a downstream effect of Gpr81 activation, is also caused by prolonged 

fasting, which has been shown to improve hematopoietic regeneration and is 

currently undergoing clinical trials (Cheng et al. 2014). This suggested that 

increased extracellular lactate via MCT inhibition could activate Gpr81 signaling. 

Pretreatment of HSPCs with a potent Gpr81 agonist, 3,5-DHBA, increased 

colony-forming ability (Figure 4e)(Liu et al. 2012). Knockdown of Gpr81 in 

HSPCs using a retrovirally driven shRNA resulted in a 50% reduction of colony 

forming ability (Figure 4f). Most importantly, Gpr81 knockdown rescued the 

increase in colony-forming ability resulting from AR-C treatment of HSPCs 

(Figure 4g). We propose that AR-C treatment leads to increased levels of 

extracellular lactate, which activates Gpr81, signaling downstream to promote 

hematopoietic stem cell function (Figure 4h). Further, culture of KLS cells with 
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AR-C in vitro promotes a molecular signature associated with stemness (Figure 

S4a) and HSC expansion (Figure S4b) (Venezia et al. 2004; Passegue et al. 

2005). Therefore, increased extracellular lactate signals through Gpr81 to drive 

the expression of a stem cell signature, promoting HSC expansion and self-

renewal. 
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Figure 3.4: Increased extracellular lactate due to MCT1/2 Inhibition activates Gpr81 
signaling  
(a) Schematic showing lactate (red) influx through MCT1 or MCT2 under homeostatic 
conditions and a blockage of lactate transport upon treatment with AR-C resulting in 
increased extracellular lactate. (b) Intracellular L-lactate levels of hematopoietic progenitor 
pretreated with 100nM AR-C or vehicle followed by 1mM lactic acid or vehicle (n=3 
technical replicates per group). **P=0.0016. *P=0.0125. (c) Relative in vivo intracellular L-
lactate concentration per cell in whole bone marrow cells isolated after AR-C treatment 
(See Figure S1e) (n=7 mice per group). ***P=0.0001. (d) Relative in vivo L-lactate bone 
marrow serum concentration per tibae isolated after AR-C treatment (See Figure S1e) 
(n=3 mice per group). *P=0.05. (e) Colony formation of HSPCs treated with 3,5-DHBA 
(n=2 mice per group, 3 technical replicates each). **P=0.0061. (f) Colony formation of 
HSPCs infected with constructs expressing either a control shRNA (shLuc) or shRNA 
targeting Gpr81 (shGpr81) (n=3 technical replicates). **P=0.0077. (g) Colony formation of 
HSPCs infected with constructs expressing shLuc or shGpr81, then treated with AR-C or 
vehicle (n=3 technical replicates). *P=0.0121. (h) A model representing the impact of AR-
C treatment. AR-C prevents lactate influx via MCT1/MCT2, increasing extracellular lactate 
levels. Increased extracellular lactate activates Gpr81, a lactate receptor, leading to 
increased hematopoietic regeneration. 
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MCT1/2 Inhibition enhances HSC engraftment 

Clinically, there is interest in identifying deliverable agents capable of 

improving HSCT patient outcomes. To determine whether AR-C would be 

effective in improving HSC engraftment and expansion in vivo, we treated 

recipient mice weekly after lethal irradiation and HSC transplantation (Figure 

S5a). Continued AR-C treatment did not impact the frequency of donor 

chimerism. However, four months post transplantation, AR-C treated mice had a 

nearly threefold increase in LT-HSCs (Figure S5b). In addition, AR-C treated 

mice had twice as many Mac1+Gr1+ cells (Figure S5c) and whole bone marrow 

cells (Figure S5d). Interestingly, donor LT-HSCs isolated after 4 months of AR-C 

treatment displayed a two-fold increase in colony forming ability (Figure S5e). 

Sustained AR-C dosing had a robust impact upon HSC transplant efficacy, 

doubling both bone marrow cellularity and hematopoietic stem cell function. AR-

C in vivo treatment improves cellular expansion after transplantation, without the 

extended ex vivo HSC culture period required by other recently identified 

therapeutics (Goessling et al. 2011; Wagner et al. 2016).  

  To determine if the impact of AR-C on HSCs is conserved in human cells, 

we tested its impact on HSCs derived from both human UCB and mobilized 

peripheral blood (mPB). AR-C treatment of human CD34+ cells derived from UCB 

conferred a significant advantage in colony forming ability (Figure 5a). 

Specifically, the largest increase was observed in CFU-GEMM colonies with AR-

C treatment (Figure 5b). Consistent with these findings, CD34+ cells derived from 

mobilized peripheral blood (mPB) also displayed improved colony forming ability 
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with AR-C treatment, with the largest increase within CFU-GEMM colonies 

(Figure 5c,d). AR-C treatment after xenotransplantation of human mPB CD34+ 

cells into immunodeficient mice markedly increased human cell engraftment in 

peripheral blood eight weeks after transplantation (Figure 5e,f). AR-C induces the 

expansion of human HSCs, improving HSCT engraftment.  
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Figure 3.5: AR-C treatment enhances human hematopoietic stem cell function  
(a) Total colony formation of human UCB-derived CD34+ cells pretreated with vehicle or 
AR-C. (b) Colony formation of human CD34+ cells derived from UCB pretreated with 
vehicle or AR-C. (c) Total colony formation of human CD34+ cells derived from 
mobilized peripheral blood pretreated with vehicle or AR-C (d) Colony formation of 
human CD34+ cells derived from mobilized peripheral blood pretreated with vehicle or 
AR-C (e) Absolute number hCD45 cells/ul peripheral blood from xenotransplanted mice 
treated with control or AR-C after transplantation. Each color represents an individual 
patient sample. (f) Relative number hCD45 cells/ul peripheral blood from 
xenotransplanted mice treated with control or AR-C after transplantation.  Peripheral 
blood was analyzed 8 weeks after transplant. (3 patient samples, 6-7 mice per cohort).  
*P=0.0374. 
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DISCUSSION 

There remains an unmet need for the development of therapeutics to aid 

regeneration of the hematopoietic compartment after injury as well as to improve 

the engraftment of HSCs after stem cell transplantation. Here we identify a novel 

therapeutic target capable of impacting both the bone marrow compartment at 

large as well as HSCs to improve both regeneration and engraftment. Our results 

show the impact of MCT1/2 inhibition via AR-C upon HSCs. To our knowledge, 

AR-C represents the first small molecule inhibitor identified that is able to speed 

hematopoietic recovery and enhance HSC function by modulating metabolism. 

Previously, a modulation of metabolism induced by prolonged fasting was shown 

to improve hematopoietic recovery and is currently undergoing clinical trials 

(Cheng et al. 2014). However, MCT1/2 represents a far preferable therapeutic 

option to regenerate the hematopoietic system. Prior work has demonstrated the 

efficacy of pharmacologic treatment in mitigating radiation injury, for example, 

prostaglandin E2, pleiotrophin, and CDK4/6 inhibitors (Himburg et al. 2010; 

Johnson et al. 2010; Porter et al. 2013). In the future, treatment with AR-C, or 

combinatorial therapies, may yield improved hematopoietic recovery and 

successful patient outcomes. 

With the aim to improve the efficacy of hematopoietic stem cell 

transplants, we have tested the impact of MCT1/2 inhibition upon primary human 

patient samples. Existing research has demonstrated some success in clinical 

trials, such SR1 or dmPGE2 (Goessling et al. 2011; Wagner et al. 2016). 

However, the development of further therapeutics which can improve patient 
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outcomes or decrease the required ex vivo culture time of HSCs still hold 

significant research value. In in vitro assays, we observed that a pretreatment of 

human HSCs, derived from either mobilized peripheral blood or umbilical cord 

blood, with AR-C significantly improved their colony forming ability. Using 

xenotransplantation models, we demonstrated that by treatment following 

transplantation we could improve the absolute numbers of engrafted human 

HSCs. Here, we have demonstrated a clear impact of MCT1/2 inhibition, via AR-

C, upon human hematopoietic stem cell function. Future work should focus on 

refining a treatment scheme, possibly employed in combination with existing 

therapies, to yield optimal results.  

In addition to an improvement in HSC function under stress conditions, 

such as injury or engraftment, we have also described the role of MCT1/2 in 

normal hematopoietic stem cell maintenance. A pretreatment of HSCs with AR-C 

improves HSC function in vitro. Further, if healthy mice are treated with AR-C in 

vivo, a dramatic impact is observed within the bone marrow compartment. White 

blood cellularity strongly increases, likely partially due to the observed increase in 

proliferation of the hematopoietic stem and progenitor cell fraction. This suggests 

that when not inhibited, lactate transport via MCTs is necessary for HSC 

maintenance, preventing unchecked proliferation of the hematopoietic 

compartment. Previous research has suggested the slowing of HSC expansion 

after recovery does not occur passively, though this does represent a largely 

understudied field of hematopoiesis (Brenet et al. 2013; Mendelson and Frenette 
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2014; Avila et al. 2016). After recovery, MCTs may be involved in dampening 

HSC expansion, and returning homeostatic conditions.  

Previously considered largely a metabolic byproduct, this work revealed 

the cell extrinsic role of lactate to promote HSC function. By blocking MCT1/2 

lactate transportation, the concentration of extracellular lactate increases. Of 

note, this likely occurs to both differentiated and undifferentiated cells alike to 

raise the concentration of extracellular lactate in the bone marrow compartment. 

This leads to increased activation of the lactate receptor, Gpr81, on HSCs. We 

demonstrated that Gpr81 activation, independent of MCT1/2 inhibition, also leads 

to elevated HSC function. Gpr81 activation leads to decreased cAMP levels, 

which has previously been associated with increased hematopoietic recovery 

and regeneration (Cheng et al. 2014). In addition to the role of MCTs in 

hematopoiesis, we have also provided evidence that lactate can act as a 

signaling hormone to promote HSC function.    

 In conclusion, we have demonstrated that MCT1/2 and Gpr81 play 

regulatory roles in normal HSC maintenance, and that this function can be 

coopted to aid hematopoietic regeneration. Under homeostatic conditions, these 

transmembrane proteins likely work in concert, responding to metabolic cues in 

the microenvironment to mediate and limit hematopoietic expansion as needed. 

However, with MCT1/2 inhibition and subsequent Gpr81 activation, we observe 

an expansion of hematopoietic stem cell activity and an increase in the 

hematopoietic compartment at large. This pharmacologically induced expansion 

of the hematopoietic compartment can be employed to improve hematopoietic 
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regeneration and recovery after injury from radiation or chemotherapy. Moreover, 

AR-C treatment after HSC transplantation dramatically improved cellular 

expansion after engraftment, suggesting the therapeutic potential of MCT1/2 

inhibition to improve bone marrow transplantation patient outcomes. Importantly, 

this work demonstrates that MCT1/2 inhibition represents a unique treatment 

option that can both promote hematopoietic regeneration and target malignancy. 
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MATERIAL AND METHODS 

Mice 

C57BL/6J mice were used at 1-6 months of age. Mice were bred and 

maintained in the animal care facility the University of California, San Diego. B6-

CD45.1 mice were used as recipients for long-term reconstitution assays. NSG 

immunodeficient mice were used as recipients for xenotransplantation assays. 

AR-C155858 (R&D Systems) was injected intraperitoneal at 3mg/kg in 1.2% 

DMSO in PBS. 5-FU (Invivogen) was injected intraperitoneal at 120mg/kg for 

non-survival analyses and 150mg/kg for survival analyses. Msi2+/GFP (REM2) 

mice were generated by Genoway (Fox et al. 2016; Koechlein et al. 2016). All 

animal experiments were performed according to protocols approved by the 

University of California, San Diego Institutional Animal Care and Use Committee. 

 

Cell Isolation and FACS Analysis 

HSCs were sorted from mouse bone marrow as described (Domen 2000). 

For colony formation, transplantation experiments, and whole bone marrow 

compartment analyses, LT-HSCs are defined as c-Kit+Sca1+Lin-CD150+CD48-. 

The following antibodies were used to define lineage positive cells: 145-2C11 

(CD3ε), GK1.5 (CD4), 53-6.7 (CD8), RB6-8C5 (Ly-6G/Gr1), M1/70 (CD11b/Mac-

1), TER119 (Ly-76/TER119), 6B2 (CD45R/B220) and MB19-1 (CD19). Other 

antibodies used included clones 2B8 (anti-CD117, c-Kit), D7 (anti-Ly-6A /E, Sca-

1), HM48-1 (CD48/BCM1), and TC15-12F12.2 (CD150). To score donor derived 

chimerism in in vivo transplantation assay, peripheral blood was collected from 
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recipient mice in PBS containing 5mM EDTA and 2% Dextran. Samples were 

incubated at 37C and lysed using RBC lysis buffer (eBiosciences). All antibodies 

were purchased from Biolegend or eBioscience. Assay was performed in vivo 

using the BrdU Flow kit (BD Pharmingen). Mice were administered a single 

intraperitoneal injection of BrdU (2 mg) 18 hours before analysis. Analysis and 

cell sorting were carried out on a FACS Aria III (Becton Dickinson). Data was 

analysed with FlowJo software (Tree star).  

 

Retroviral Constructs and Production 

Short hairpin RNA (shRNA) constructs were designed and cloned in 

MSCV/LTRmiR30-PIG (LMP) vector from Open Biosystems according to their 

instructions. Firefly luciferase was used as a negative control.  The target 

sequences are: MCT1 (Slc16a1) 5’-CGCGGGTATCTATCTCTTCATT-3’, MCT2 

(Slc16a7) 5’-TAGTGTGTTGGTGAATAACTAT-3’, and Gpr81 5’- 

AGCTCACAATCTGCAGCCTGAA -3’. Virus was generated in 293T cells 

transfected with viral constructs in addition to gag-pol and VSV-G using X-

tremeGENE HP (Roche). Viral supernatants were collected for up to 5 days and 

ultracentrifuged at 20,000g for 2 hours.  

 

Methylcellulose Colony Formation Assay 

LT-HSCs (KLSCD150+CD48-) or KLS cells were isolated by FACS from 

bone marrow. For knockdown experiments, cells were infected with shRNA 

constructs for 48 hours and then resorted for fluorescent protein expression. 
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Cells treated with AR-C in vitro were incubated with 100nM AR-C155858 for 1 

hour at 37C. DMSO control cells were treated with a 1:1000 dilution of DMSO. 

Cells treated with 3,5-DHBA (Sigma) were incubated with 400µM 3,5-DHBA for 

45 minutes at 37C. Blast crisis CML cells were generated by infecting KLS cells 

with MSCV-BCR-ABL-NGFR and MCT-NUP98-HOXA9-hCD2. Cells were 

harvested 48 hours after infection and transplanted retroorbitally into sublethally 

irradiated (6Gy) B6 mice. Lineage- cells from blast crisis CML were sorted and 

infected with shRNA constructs for 48 hours or treated with 100nM AR-C in vitro 

for 1 hour. Cells were plated in methylcellulose medium (Methocult GF M3434 

from StemCell Technologies). Colonies were counted 7 days after plating.  

 

In vivo Transplantation Assay 

For the pre-treatment assay:  LT-HSCs (KLSCD48-CD150+) were isolated 

from bone marrow expressing CD45.2. Cells treated with AR-C in vitro were 

incubated with 100nM AR-C155858 or DMSO for 1 hour at 37C. CD45.1 

recipient mice were lethally irradiated (9.5gy). Recipient mice received 500 

pretreated CD45.2 donor LT-HSCs combined with 3e5 CD45.1 Sca1-depleted 

cells injected retroorbitally. For the post-treatment assay: LT-HSCs (KLSCD48-

CD150+) were isolated from bone marrow expressing CD45.2. CD45.1 recipient 

mice were lethally irradiated (9.5gy). Recipient mice received 2000 CD45.2 donor 

LT-HSCs combined with 3e5 CD45.1 Sca1-depleted cells injected retroorbitally. 

72 hours after transplant, mice were administered AR-C (or vehicle) treatments 
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every 24 hours for 96 hours, followed by weekly treatments for 16 weeks. At 16 

weeks, animals were sacrificed for bone marrow analysis.  

 

Mouse Preparation and Imaging  

As previously described (Koechlein et al. 2016), mice were anesthetized 

by intraperitoneal injection of ketamine and xylazine (100/20 mg/kg).  Once mice 

were unresponsive to pedal reflex, heads were wiped down with 70% ethanol 

and hair was removed using Nair Hair Remover lotion (Church & Dwight Co., 

Inc., Princeton, NJ).  A midline incision was made using FST ToughCut Spring 

Scissors, 6mm curved blade (Fine Science Tools (USA) Inc., Foster City, CA) 

and skin was removed to expose the calvarium. Mice were placed in a 

mouse/neonatal rat stereotactic holder (Stoelting, Co. Wood Dale, IL), calvarium 

was exposed as described above and tissue was kept moist using 1x PBS 

(Gibco). Mice were immediately taken to the confocal microscope for imaging 

and were kept under anesthesia using 1-3% isofluorane gas mixed with oxygen. 

To visualize vasculature in the calvarium, an antibody conjugated to AlexaFluor 

647 for VE-cadherin (eBiosciences) administered at a concentration of 10ug 

diluted in 100ul, 15 minutes prior to imaging.  

 

Microscopy 

Images were acquired by Leica LAS AF 1.8.2 software with an upright 

Leica SP5 2 confocal system using a Leica DM 6000 CFS microscope. Images 

were acquired using an HCX APO L20x objective with a 1.0 numerical aperture 
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for still images and subsequent movies. Imaging of calvarium ranged from 60-

100 microns. GFP (excitation 488nm, emission 493 to 556nm) and DsRed2 

(excitation 561nm, emission 566 to 650nm) were excited with an Argon/2 (458, 

477, 488, 496, 514nm) and Diode pumped solid-state (561nm) laser respectively. 

The power used for dsRed visualization was 8-12% of the appropriate laser. 

AlexaFlour 647 was excited using a HeNe 633 laser and emission was collected 

from 650 to 725nm. Images were continuously captured in 1024 x 1024 format 

with line averaging of 4. ImageJ software was used to determine fluorescence 

intensity. 

 

Lactate Assay  

For in vitro assays, c-Kit+ enriched bone marrow cells were isolated using 

an AutoMACS (Becton Dickinson). Cells were incubated with 100nM AR-

C155858 for 1hr at 37C, then incubated with 1mM L-Lactic acid (Sigma) for 1hr 

at 37C. L-Lactate Assay Kit (abcam) was used to detect intracellular lactate 

levels. For in vivo analysis, mice were treated with 3mg/kg AR-C twice six hours 

apart and sacrificed for analysis six days later. Bone marrow cells after RBC lysis 

collected from the femur were used to assay intracellular lactate levels. Bone 

marrow serum was collected from tibae. 

 

RT-PCR Analysis 

KLS cells were isolated by FACS from bone marrow. Cells were incubated 

with 100nM AR-C155858 for 72hrs at 37C. RNA was isolated using RNeasy 
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Micro and Mini kits (Qiagen). RNA was converted to cDNA using Superscript III 

(Invitrogen). Quantitative real-time PCR was performed with an iCycler (BioRad) 

using cDNA, iQ SYBR Green Supermix (BioRad) and gene specific primers. All 

real time data was normalized to B2M or Gapdh.  

 

Agarose Colony Formation Assay 

MIA PaCa-2 human pancreatic cancer cell line (American Type Culture 

Collection) was cultured in the appropriate growth media as recommended by 

American Type Culture Collection. 24-well plates were first coated with 0.6% 

agarose in DMEM. Cells were plated at a density of 2,000 cells per well in 0.3% 

agarose containing DMEM, 10% FBS, NEAA, penicillin and streptomycin, and 

Glutamax. Growth medium was placed over the solidified agarose layers. 

Colonies were counted 14 days after plating. 

 

Human Samples 

Mobilized peripheral blood patient samples were obtained from the Fred 

Hutchinson Cancer Research Center from institutional review board (IRB)-

approved protocols with written informed consent in accordance with the 

Declaration of Helsinki. Cord blood samples were purchased from StemCell 

Technologies. For colony-forming experiments, human CD34+ cells isolated from 

mobilized peripheral blood were cultured for 1 hour with vehicle or 100nM AR-C 

in SFEM media supplemented with C100 (StemCell Technologies). Cells were 

then collected and plated in complete methylcellulose media (StemCell 



	 113 

Technologies). Colony numbers were counted 14 days after plating. For 

transplant experiments, 150-300 thousand mPB CD34+ cells were transplanted 

retroorbitally into an immunodeficient NSG mouse after a 2.5Gy irradiation. 72 

hours after transplant, mice were administered AR-C (or vehicle) treatments 

every 24 hours for 96 hours, followed by weekly treatments for 16 weeks. 

Peripheral blood was analyzed by flow cytometry every 4 weeks.  

 

Statistical Analysis 

Statistical analysis was carried out using Graphpad Prism software v6. 

Data is presented as mean + s.e.m.  
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Supplementary Figure 3.1: AR-C treatment expands the normal hematopoietic 
compartment 
(a) Mice were treated with AR-C twice six hours apart and analyzed 24 hours later. Absolute 
numbers of MPPs (b), KLS (c) and whole bone marrow cells (d) per femur (n=9-10 mice per 
group). (b)*P=0.021. (c)*P= 0.0159. (d)**P=0.0022. (e) Mice were treated with AR-C twice 
six hours apart and analyzed 6 days later. Absolute numbers of Lineage- cells (f), CD3 cells 
(g), B220 (h), and whole bone marrow (g) per femur (n=9 mice per group). (f) **P=0.0035. 
(g) *P=0.0104. (h) **P=0.0087.  (i) **P= 0.0061. 
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Supplementary Figure 3.2: AR-C treatment drives hematopoietic 
progenitors to proliferate 
(a) Experimental scheme depicting treatment of mice with AR-C (or DMSO) 
and BrdU prior to analysis. (b) Cell cycle status of hematopoietic progenitor 
cells after AR-C treatment. n=3 mice per cohort. G0/G1: ***P=0.00043. S: 
***P=0.00087. 
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Supplementary Figure 3.3: MCT1/2 Inhibition impairs malignant growth 
in vitro 
(a) Colony-forming ability of blast crisis CML transduced with control shRNA 
(shLuc) or shRNA targeting MCT2 (shMCT2). **P=0.0037. (b) Colony forming 
ability of blast crisis CML pretreated with Control or AR-C. *P=0.0137. (c) 
Colony forming ability of Control and AR-C treated MiaPaCa cells. 
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Supplementary Figure 3.4: MCT1/2 Inhibition leads to transcriptional 
changes in hematopoietic stem and progenitor cells. 
a) Relative expression levels of stem cell signature genes CD48, Ly6a and Brd4 
in KLS cells incubated with DMSO or 100nM AR-C. b) Relative expression 
levels of stem cell expansion genes KLS cells incubated with DMSO or 100nM 
AR-C. 
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Supplementary Figure 3.5: AR-C treatment after HSC transplant expands 
the hematopoietic compartment and speeds recovery 
(a) Schematic of LT-HSC transplantation and AR-C post-treatment. Absolute 
numbers of LT-HSCs (b), Mac1+Gr1+ (c), and whole bone marrow cells (d) per 
femur in recipient mice 16 weeks after transplant (n=3 mice per group). (b) 
*P=0.0155. (c) *P=0.0166. (d) **P=0.007. (e) Colony forming ability of donor LT-
HSCs isolated 16 weeks after transplantation (n=3 technical replicates). 
*P=0.0191. 
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CHAPTER 4 

CONCLUSIONS 

 

  An understanding of basic hematopoietic stem cell biology is critical to the 

development of therapeutics to combat dysfunctions and injuries of the 

hematopoietic system, such as leukemia, acute radiation syndrome, and immune 

disorders. For many hematopoietic diseases, a hematopoietic stem cell 

transplant remains the only curative option available (Mendelson and Frenette 

2014). This underlines the critical importance of the development of techniques 

to improve HSC expansion, engraftment and transplant outcomes. To this aim, 

this dissertation has focused on two key facets of HSC biology to uncover novel 

cell intrinsic and extrinsic mechanisms that regulate HSC function: the 

microenvironment and metabolism. 

 

Microenvironment 

 In Chapter 2, we focused on visualizing the interactions of the 

microenvironment with hematopoietic cell types in real-time in vivo. This required 

the generation of multiple tools. First, we developed a live bone marrow imaging 

system that enabled real-time confocal microscopy of the mouse calvarium. The 

rig we developed stabilizes the mouse skull, maintains sedation, and allows long-

term imaging. This only requires the adaptation of the stage of a standard 

confocal microscope, making the use of this technique much more accessible 

than previous methods, which employed two-photon microscopy (Lo Celso et al. 
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2009). Using our method we are able to obtain very clear high-resolution images 

and videos of the mouse calvarial bone marrow. Secondly, we developed high-

throughput software to enable to the analysis of imaging data. As the imaging of 

long-term videos created a huge amount of data, it was necessary to write a 

program to automate the analysis. Our code is able to track an individual cell 

over time determining its speed and location, as well determine its distance from 

microenvironmental domains over time.  

 To be used in conjunction with this imaging software, we developed the 

knock-in Msi2GFP reporter mouse strain and characterized its expression in the 

hematopoietic system for the first time (Fox et al. 2016). Prior work has 

demonstrated the functional importance of Msi2 expression in stem cells, both in 

hematopoietic and multiple other systems (Ito et al. 2010; Fox et al. 2015). I 

performed a thorough analysis of Msi2GFP expression in both the fetal liver and 

adult bone marrow, where essentially all of hematopoietic stem and progenitors 

cells are Msi2GFPbright. As a result, I was able to use Msi2GFPbright expressing 

cells to trace endogenous immature hematopoietic cells in conjunction with the 

live imaging system. In contrast, previous systems have strongly relied upon the 

transplantation of fluorescently labeled stem cells after irradiation of the recipient 

mouse (Lo Celso et al. 2009; Lo Celso et al. 2011). This preexisting system is 

useful to visualize the dynamic behavior of engrafting HSCs in an irradiated 

microenvironment, however it is unlikely that the findings made in this setting will 

all be consistent under normal conditions. In contrast, our confocal imaging 

system, used in conjunction with the Msi2GFP transgenic mouse, allows us to 
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determine the dynamic niche interactions of endogenous hematopoietic stem and 

progenitor cells under both homeostatic and regenerating conditions.  

 Using this novel reporter mouse, I tracked the interactions of HSPCs with 

distinct micrenvironmental domains. Specifically I analyzed the interactions of 

Msi2GFPbright immature cells with the vasculature and the endosteum. Through 

this work, I observed that Msi2GFPbright cells preferentially interact with the 

vasculature over the endosteum. Further the majority of Msi2GFPbright cells 

interact with the vasculature through close contact interactions. In contrast, the 

majority of Msi2GFPbright cells were distal from the endosteum. Of note, we were 

able to confirm that the niche interactions we observed using transplanted 

HSPCs were largely consistent with those observed by tracking Msi2GFPbright 

cells. The main distinction was that the length of interactions was notably longer 

when tracking endogenous HSPCs compared to transplanted HSPCs. This in 

vivo report demonstrates a preference of HSPCs for interacting with the 

vasculature niche. 

 These findings, which support the vascular HSC niche, are consistent with 

the current status of the hematopoietic stem niche field. Previous work has 

demonstrated that fetal and adult HSCs are highly likely to be found in contact 

with vascular cells (Kiel et al. 2005; Ding and Morrison 2013; Morrison and 

Scadden 2014; Acar et al. 2015; Tamplin et al. 2015). Further, our work 

demonstrated that it is very rare that HSPCs are found localized in contact with 

the endosteal niche. This is consistent with prior work demonstrating that the 

expression of key cytokines from osteoblasts was not required for normal HSC 
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function (Ding et al. 2012; Ding and Morrison 2013). Together, these findings 

further support the idea that under homeostatic conditions, the vasculature 

represents a critical supportive hematopoietic stem cell niche.  

 The live imaging and analysis techniques described in Chapter 2 are 

broadly translatable as researchers continue to develop relevant fluorescent 

reporter mouse models of niche and hematopoietic cells. For example, in the 

past year, two groups have published knock-in reporter mice that label a more 

highly purified HSC fraction (Acar et al. 2015; Chen et al. 2016). In addition, 

beyond homeostatic mechanisms, these methods could be used to visualize 

stem cell behavior during injury, regeneration, inflammation and leukemogenesis. 

Further, as work to directly differentiate HSCs from pluripotent stem cells yields 

increasing success, this imaging system could be used to compare the in vivo 

niche behavior of induced HSC to control HSCs.  

Identification of the true endogenous HSC niche has implications beyond 

uncovering basic biological mechanisms. Bone marrow niche cells are known to 

secrete cytokines capable of regulating stem cell self-renewal and differentiation. 

Therefore, a complete understanding of the bone marrow niche network that 

supports hematopoietic stem cells may also identify niche-derived cytokines or 

proteins capable of manipulating HSC function.  Endogenous HSC maintenance 

and expansion mechanisms can be coopted to aid the development of effective 

ex vivo culture methods.  

The Msi2GFP reporter mice will also be of interest for further study. 

Researchers have established the importance of Msi2 in normal and malignant 
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hematopoietic biology (Ito et al. 2010; Kharas et al. 2010; Park et al. 2014; Fox et 

al. 2016; Rentas et al. 2016). However, the ability of this mouse model to report 

Msi2 expression will aid in the elucidation of upstream regulators, likely also 

critical in normal and cancerous stem cell function. As increased Msi2GFP 

brightness is correlated with stemness, Msi2GFP hematopoietic cells could be 

useful for high throughput screening to identify compounds likely to aid ex vivo 

HSC expansion. Both the live imaging system used here and Msi2GFP reporter 

mouse will likely prove useful tools in the future to further understand 

hematopoietic stem cell biology. 

 

Metabolism 

 Chapter 3 discussed the importance of lactate transport in regulating 

hematopoiesis, and that a dysregulation of this transport can be coopted to 

enhance normal HSC function. Monocarboxylate transporters 1 and 2 (MCT1/2) 

were identified from a transcriptional analysis of HSCs after G-CSF 

administration, a therapeutic used to expand and mobilize HSCs. AR-C 

pretreatment of HSCs resulted in improved long-term multi-lineage engraftment. 

When AR-C is delivered in vivo, I observed increased numbers of HSPCs as well 

as cellularity in the hematopoietic compartment at large. Further, hematopoietic 

progenitors displayed elevated proliferation. MCT1/2 inhibition results in an 

expansion of HSCs and enhanced stem cell function. This suggests a novel role 

for MCT1/2 to prevent unchecked HSC growth. Most commonly, a loss of 

function of a protein involved in hematopoiesis also leads to a loss of 
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hematopoietic stem cell function. However, previous research has implicated that 

the maintenance of homeostasis in the hematopoietic system is not passive, 

molecular mechanisms likely exist which block proliferation as well as induce it 

(Brenet et al. 2013; Avila et al. 2016). Therefore, I propose that lactate transport 

via MCT1/2 likely acts a dampener of HSC proliferation under homeostatic 

conditions. 

 Inspired by the expansion of cellularity yielded by MCT1/2 inhibition in 

normal hematopoiesis, I investigated if this would improve hematopoietic 

regeneration. AR-C pretreatment before a sublethal chemotherapy or radiation 

injury led to a strong improvement in recovery of bone marrow and HSC 

cellularity. Further, AR-C pretreatment resulted in a significant increase in 

survival from a lethal course of chemotherapy. Therefore, AR-C displays 

therapeutic value to prevent hematopoietic injuries.   

 Improving HSC transplantation successes is a key area of current 

research. AR-C showed promising results as both a pre- and post-transplant 

therapeutic. A pretreatment of murine long-term HSCs with AR-C before 

transplant led to almost a four-fold increase in donor chimerism. A post-treatment 

regimen of AR-C after transplantation of murine LT-HSCs led to a doubling of 

bone marrow cellularity. Further, after this sustained treatment, isolated HSCs 

displayed enhanced HSC function in vivo. Of critical importance, AR-C also had 

an impact upon human HSCs. Eight weeks post xenotransplantation AR-C post-

treatment doubled the absolute numbers of human cells engrafted in the 
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peripheral blood. Therefore, AR-C treatment has a striking impact upon both 

mouse and human hematopoietic stem cell function.  

 Future work should focus on optimizing AR-C treatment strategies to yield 

improved hematopoietic regeneration and engraftment. The improvement in 

survival was similar to that demonstrated by other groups using pharmacological 

agents that act through different mechanisms, such as CDK4/6 inhibition, TLR5 

agonism or angiogenin treatment (Burdelya et al. 2008; Johnson et al. 2010; 

Goncalves et al. 2016). It is possible that AR-C may yield an additional 

combinatorial benefit when administered alongside existing therapies currently 

used in the clinic or shown to have preclinical efficacy. Our studies with AR-C 

focused largely on the use of minimal pretreatment doses or sustained in vivo 

post-treatment doses. It may be of value to test the efficacy of AR-C in sustaining 

HSCs ex vivo over time. This has yielded success for other small molecules 

(Wagner et al. 2016). Further, the in vivo dose used in our research is fairly low. 

A 10-fold higher dose has been used in mouse studies without any negative side 

effects (Le Floch et al. 2011). High doses of AR-C may also yield a more 

dramatic impact on regeneration and therefore survival.  Future work will be 

required to optimize the impact of MCT1/2 inhibition upon hematopoietic 

regeneration that we have demonstrated.  

 Next I sought to understand the molecular mechanisms that underlie this 

improvement of HSC function. MCT1/2 largely transport lactate across the 

plasma membrane. When this was blocked in vivo via AR-C, I observed an 

increase in extracellular lactate levels and a decrease in intracellular lactate. This 
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suggests that AR-C administration prevents the uptake of lactate into 

hematopoietic cells, creating a bone marrow environment highly enriched in 

lactate. This activates the G-protein coupled receptor Gpr81 on HSPCs to induce 

a downstream signaling pathway associated with hematopoietic expansion. 

Together this work demonstrates the role of metabolites in modulating HSC 

function, and how this functionality can be coopted for therapeutic benefits. 

 Presently, there is minimal evidence that connects hematopoietic stem cell 

regeneration and metabolism. Previously, a group has demonstrated that 

prolonged patient fasting before chemotherapy administration can improve 

survival and speed hematopoietic regeneration (Cheng et al. 2014). It is possible 

that this benefit acts through the same downstream pathway as AR-C 

administration. Prolonged fasting resulted in decreased cyclic AMP levels and 

further downstream transcriptional changes. Activation of Gpr81, a Gi coupled 

receptor, blocks adenylyl cyclase activity decreasing cyclic AMP levels (Ahmed 

et al. 2010; Mosienko et al. 2015). While patient fasting has demonstrated a clear 

impact upon hematopoietic recovery and is currently undergoing clinical trials, 

AR-C administration may represent a more attractive alternative to speed 

recovery without further detriment to the patient’s quality of life.  

It is important to consider that, outside of hematopoietic stem cell 

transplantation, radiation and chemotherapy are largely administered as cancer 

treatments. Previous research has demonstrated the MCT inhibition can block 

tumor growth and induce cell death (Draoui et al. 2014; Hanson et al. 2015; Kong 

et al. 2016). Another MCT1/2 inhibitor is currently undergoing clinical trials for 
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use as a possible cancer therapeutic. This dissertation demonstrates that AR-C 

can act to both improve normal stem cell function and inhibit malignant stem cell 

growth.  Administration of AR-C alongside chemotherapy and radiation may allow 

the use of more severe doses, more effectively killing tumor cells, and leading to 

improved patient outcomes. To my knowledge, AR-C is the first identification of 

an inhibitor with a bimodal impact within the same tissue, able to both regenerate 

healthy cells and target malignant cells.  
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