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The link between blood cells and the vasculature is rooted in early development. 

Endothelial cells, lining the interior surface of the entire circulatory system are 

responsible for the origin of all definitive blood cells. In the adult, such functional 

interdependency continues. Endothelial cells regulate hematopoietic cell differentiation 

within the bone marrow niche. They also coordinate homing of inflammatory cells, 

facilitate immune-surveillance and modulate several functional aspects of hematopoietic 

cell interaction with tissues under homeostatic and pathologic conditions. The aim of 
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this dissertation is to extend our knowledge of the crosstalk between endothelial cells 

and hematopoietic cells, especially in regards to macrophages. 

First, we investigated the ability of endothelial cells to function as a niche for 

hematopoietic cell expansion. We showed that endothelial cells derived from various 

organs of adult mice could support long-term growth of hematopoietic cells. 

Interestingly, we found that the promotion of hematopoietic cell proliferation was 

regulated in an organ-specific manner, meaning endothelial cells from different origins 

supported hematopoietic stem cells at different levels. We further explored the role of 

AML1, an essential transcription factor in definitive hematopoiesis. We found that AML1 

in the endothelium was able to enhance and further support hematopoietic cell 

proliferation. Finally, we examined the effect of cytokines on hematopoietic cell 

differentiation and found that IL-3 preferentially promotes myelopoiesis.  

Furthermore, we explored the effect of endothelial cells on hematopoietic stem 

cell differentiation, especially as it relates to macrophages. We demonstrated that 

endothelial cells provide an instructive niche for M2- macrophage polarization. 

Intriguingly, endothelial cells induced the formation of macrophage colonies that 

exhibited an organizational structure with less differentiated cells in the center of the 

colony and M2-polarized macrophages on the periphery. Also, the initiation and 

maintenance of the colony was exclusively dependent on direct contact with ECs and 

the presence of M-CSF. Moreover, we tested the function of these M2- macrophages in 

vivo and showed that they could promote tumor growth and angiogenesis.  

Finally, we studied the association between EC and macrophages in vivo. Using 

confocal microscopy we found that resident macrophages are in frequent contact with 
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vessels in the mesentery. In fact, the percentage of macrophages associated with 

vessels is similar to the percentage of pericytes. Through intravital imaging, we 

discovered that macrophages regulate vascular permeability.  Depletion of 

macrophages from the peritoneum resulted in an elevation vascular permeability. 

Furthermore, reconstitution of M2 macrophages in vivo was able to rescue the effect. 

Notably, macrophage motility was also altered upon induction of vascular permeability. 

Collectively, this dissertation has increased our understanding of the crosstalk 

between endothelial and hematopoietic cells. Hopefully, this information will be further 

expanded by future investigators with the goal to enhance our ability to treat and 

ameliorate blood-born pathologies.  
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Introduction 
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1.1 Introduction 

Blood is the tissue responsible for the capture and delivery of oxygen to tissues, 

immune-surveillance and the defense against pathogens. Its liquid nature enables the 

distribution of nutrients, hormones and metabolites, as well as the transportation of 

waste for further processing or elimination. The vascular system comprises a series of 

tubes that functions as the venue for the transport and distribution of blood throughout 

the body, and these are the blood vessels. By analogy, blood vessels are the streets 

and highways with small roads and driveways, and blood is the traffic flow with cars, 

trucks, and motorcycles being the blood cells. The functional association between blood 

and blood vessels is constant, dynamic and adaptable.  

Several fields have focused on the independent study of either the blood 

(hematology, stem cell biology and immunology) or the blood vessels (developmental 

biology and vascular biology). However, it has become increasingly clear that the cells 

from these two compartments interact and affect one another during development, 

homeostasis and pathological conditions.  

In this dissertation, we focused on studies to further the knowledge of heterotypic 

interactions between hematopoietic and endothelial cells. Our goal was to obtain the 

information that would allow us to manipulate these cells in vitro and serve for 

therapeutic applications in vivo. In the process we learned much about the cellular and 

molecular nature of hematopoietic – endothelial crosstalk and their reciprocal biological 

effects.  
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1.2 Hematopoietic Stem Cells 

Hematopoietic stem cells (HSCs) are pluripotent progenitor cells defined by their ability 

to replenish all blood cells and to self-renew. Because of their enormous potential to 

treat hematologic malignancies such as leukemia, lymphoma and other blood-related 

diseases, HSCs have been at the center of studies focused on regenerative medicine 

(reviewed by Kondo et al., 2003).  

The primary challenge in utilizing HSCs for therapeutic exploration is to obtain 

enough cells with sufficient purity. These concerns relate to their limited availability 

(about 1 in every 100,000 cells in bone marrow) and difficulty in identification and 

isolation (Spangrude et al., 1988). Therefore, studies on ex vivo/ in vitro expansion of 

HSCs have become the core interest of many hematologists. In fact, plenteous attempts 

have been undertaken to expand HSCs in culture, which have greatly advanced over 

the years because of our knowledge of the in vivo environment of HSCs (bone marrow) 

and their chemical requirements (cytokines and growth factors).  

The bone marrow niche can be divided into two main compartments: niche cells 

and soluble factors. Niche cells in the bone marrow are constituted by three cell types: 

1) osteoblasts, 2) sinusoidal endothelial cells and 3) perivascular cells, including 

reticular cells (or knowns as CAR cells), mesenchymal cells (identified by Nestin+), and 

other cells surrounding vessels such as smooth muscle cells and pericytes (reviewed by 

Nakamura-Ishizu and Suda, 2013). Due to limited space, we will briefly discuss only the 

first two niches. Osteoblasts are cells that align the bone surfaces in the marrow and 

are responsible for bone formation. Although initially considered to be bone-related cells 

only, osterblasts have found to be in close proximity to HSCs under both physiological 
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conditions and after BM transplantation (reviewed by Ellis et al., 2011), raising the 

possibility that osteoblast might be relevant to the biology of HSCs. In fact, several lines 

of evidence now indicate that osteoblasts provide factors for the maintenance of HSCs 

that are slow cycling or quiescent (reviewed by Takahashi et al., 2010). N-cadherin 

expressed on HSCs was found to interact with a special type of osteoblasts expressing 

N-cadherin (SNO cells) in a homophilic manner (Zhang et al., 2003). Recently, 

Flamingo and Frizzled 8 were shown to be expressed at the interface between N-

cadherin+ osteoblasts and HSCs to maintain HSC quiescence (Sugimura et al., 2012). 

Compared to the quiescent niche that osteoblasts provide, the vascular niche, on 

the other hand, largely supports self-renewal and homing of HSCs (reviewed by 

Himburg et al., 2012; Winkler et al., 2012). Kiel and colleagues (2005) found that HSCs 

were specifically located around bone marrow sinusoidal endothelial cells (ECs). Ding et 

al. (2012) further explored the functional association between niche cells and HSCs by 

conditional deletion of stem cell factor (SCF) in each of the niche cells. The authors 

found that deleting SCF specifically within the ECs resulted in a decrease in long-term 

HSC frequencies. This was not the case when SCF was inactivated in osteoblasts or 

fibroblasts. Additional functional evidence is that transplanted hematopoietic progenitors 

preferred to engraft in the vascular compartment (Lo Celso et al., 2009). Collectively, 

these data suggest that ECs constitute a supportive environment (or niche) for HSCs.  

Due to the functional support of ECs to HSCs in vivo, it is obvious to speculate 

that such property might be exploited for the expansion of HSCs in vitro. As a matter of 

fact, ECs from various sources, such as human bone marrow and brain, and several 

hematopoietic and non-hematopoietic organs in mouse have been used for such 
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purpose (Rafii et al., 1995; Chute et al., 2004; Li et al., 2004). To highlight some of the 

work, Li et al. (2004) compared the efficiency of HSPC (hematopoietic stem/ progenitor 

cells) expansion of ECs isolated from several organs and concluded that brain and 

heart ECs were superior to ECs from other organs. Kobayshi and colleagues (2010) 

showed that ECs promoted HSCs expansion through secretion of angiocrine factors 

that were expressed specifically by ECs, although the specific nature of those factors 

remains to be uncovered.  

 Cytokines constitute the second major component of the HSC niche. Cytokine-

dependent expansion of HSCs, in lieu of cell-based components, has remarkable 

advantages for clinical purposes because not only can it avoid rejection and donor-

borne pathogens, but also prevent contamination from feeder cells. A broad range of 

cytokines has been tested for their ability to maintain and/or expand HSCs (reviewed by 

Aggarwal et al., 2012). This will be discussed in more detail within the following 

chapters. To be noted, such methods also have disadvantages as they usually bias the 

generation of certain lineages of blood cell subtypes at the expense of other lineages 

(Shpall et al., 2002; Jaroscak et al., 2003). Accordingly, a combination of cytokines and 

niche cells appears to hold more promise.  

During the last two decades the in vitro expansion of HSCs has improved 

significantly because of the recognition that in addition to cytokines, support from niche 

cells was an essential requirement. Nonetheless, there are still roadblocks. In particular, 

current limitations relate to: (1) how to orchestrate and control the differentiation and 

self-renew of HSCs in vitro and (2) how to ensure that HSCs that have been expanded 

in vitro are fully functional for in vivo applications.  
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1.3 Differentiation and polarization of macrophages 

Macrophages are progeny of HSCs. They are phagocytic cells involved in tissue 

homeostasis through their ability to eliminate apoptotic cells and harmful particles via 

phagocytosis and endocytosis, which makes them part of the innate immune system 

(Geissmann et al., 2010). Macrophages originate from blood monocytes and can be 

further differentiated into multiple subtypes, including M1 and M2, and various stages in 

between. In addition, the so-called tissue resident macrophages are long-lived cells that 

are of different developmental origin and function. These cells are ubiquitously 

distributed in various organs and tissues, including the peritoneum, lung (called alveolar 

macrophages, or dust cells), liver (known as Kupffer cells), central nervous system 

(named microglia) and spleen (reviewed by Takahashi, 2001). Although much has been 

learned about their biology in the context of each tissue, their full array of functions 

remains insufficiently characterized.  

It is believed that all macrophages are derived from monocytes which are 

differentiated from granulocyte-macrophage progenitor (GMP), and originally from 

HSCs (Geissmann et al., 2010). By exposure to M-CSF (macrophage colony-stimulating 

factors), monocytes differentiate into macrophages via activation of cell cycle genes 

(Stanley et al., 1997; Martinez et al., 2006). 

More recently, evidence has emerged to support the existence of proliferative 

macrophages in adulthood. Jenkins and colleagues (2011) revealed that tissue 

macrophages could proliferate rapidly in situ when T helper 2 (TH2) inflammation 

occurred under the control of IL-4. They further demonstrated that exogenous IL-4 was 
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sufficient to trigger the self-renewal of tissue macrophages. Davies and colleagues 

(2011) monitored tissue macrophage proliferation during newborn development, 

adulthood and acute inflammation in adult mice and concluded that local proliferation is 

common for the self-renewal for all tissue macrophages.  

Macrophages can differentiate into at least two subgroups, M1 (classically 

activated) and M2 (alternatively activated; reviewed by Geissmann et al., 2010). M1 

macrophages, activated by lipopolysacharide (LPS) or interferon γ, are proinflammatory 

and play an important role in host defense by secreting a spectrum of inflammatory 

cytokines, including: IL-1, IL-12 and TNF. On the contrary, M2 macrophages are 

associated with an anti-inflammatory response, tissue remodeling, fibrosis and tumour 

progression (reviewed by Gordon, 2003; Mantovani et al., 2004). They secrete soluble 

mediators such as fibronectin and insulin-like growth factor, which facilitate tissue repair 

and would healing (reviewed by Martinez et al., 2008). To be noted, the M1/M2 

contrasting phenotypes are heavily based on in vitro culture conditions that are 

artificially restricted by the number of external factors applied. Therefore, one could 

expect a more complex profile of macrophages in vivo where the cells are exposed to a 

much wider range of mediators.  

 

1.4 The crosstalk between EC and macrophages in development  

During mouse development, the first macrophages appear at 7.5 days post-coitum 

(dpc) and can be found in both extra- and intra-embryonic tissue starting from 8.5 dpc 

(Pucci et al., 2009). However, definitive hematopoiesis is only initiated at 9.5-10 dpc. 
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This places macrophages in primary position to regulate angiogenesis. Indeed, the 

study conducted by Fantin and colleagues (2010) have demonstrated that macrophages 

are tightly associated with capillaries and facilitate the progression of angiogenesis by 

mediating anastomosis of adjacent capillaries. They further showed that ablation of 

macrophages lead to a reduction of vessel intersections in the hindbrain. Outtz and 

colleagues (2011) later provided evidence that Notch signaling is activated at the 

anastomosis site and regulates macrophage recruitment. Interestingly, Al-Roubaie and 

colleagues (2012) observed that macrophages could be integrated into the vessel wall 

and gain an endothelial-like morphology. They subsequently suggested that either the 

myeloid population could give rise to endothelial cells or that circulating endothelial cells 

might have phagocytic capacity. However, without specific lineage tracing or more 

defined markers it is difficult to make any solid conclusion. In all, the developmental link 

between macrophages and ECs has just begun to be unveiled, and much more 

functional studies are on the way. 

 

1.5 The crosstalk between EC and macrophages in adulthood 

Macrophages have been found to closely associate with vessels in adult. Using 

fluorescence labeling of neutrophils and macrophages respectively, Gray and 

colleagues (2011) were able to simultaneously image these two populations and their 

behavior during inflammation. They demonstrated that macrophages moved 

significantly more slowly than neutrophils in response to an inflammatory stimulus and 

to tissue injury. It was further noted that the contact with endothelium, via heterotypic 

cell interactions, facilitated macrophage migration. Another study in the mouse brain 
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suggested that EC could stimulate macrophages to clear insoluble cerebrovascular 

amyloid from Alzheimer's disease in mouse, and that TGF-β1 reduced the ability of ECs 

to affect macrophage activity (Weiss et al., 2011).  

Under pathological settings, such as carcinogenesis, macrophages also play a 

pivotal role. In tumors, unlike in inflammatory conditions, M2 macrophages are the 

dominant population as noted in several cancer types (reviewed by Ruhrberg and De 

Palma, 2010). These so-called tumor-associated macrophages (TAMs) physically 

associate with tumor blood vessels and promote angiogenesis facilitating tumor 

expansion and metastasis (De Palma et al., 2005; Pucci et al., 2009).  

Using an in vitro culture system, we have demonstrated that ECs could induce 

macrophage differentiation from various hematopoietic progenitors (He et al., 2012).  

We also demonstrated that endothelial cells provide an instructive niche for the 

polarization of M2 macrophages. Such process is dependent on direct contact with 

endothelium and regulated partially by M-CSF signaling (He et al., 2012). Thus very 

likely there is a reciprocal mechanism to regulate macrophage and EC interactions and 

control vascular patterning in both developmental and pathological settings. 

 

1.6 The regulation of vascular permeability 

Endothelial cells form the inner lining of the blood vessel. A significant function of these 

cells is to provide a selective permeable barrier between the blood and tissues. Such 

barrier is controlled mainly by three pathways: 1) transcellular transport; 2) intercellular/ 

paracellular junctions; and 3) heterotypic cell associations (reviewed by Goddard and 
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Iruela-Arispe, 2013). Transcellular transport is mostly supported by endocytosis and 

vesicular trafficking (reviewed by Mehta and Malik, 2006). For paracellular pathway, cell 

junctions are modified to allow selective and specific passage of blood cells and 

macromolecules contributing to the regulation of permeability. Disruption, remodeling 

and re-assembly of adherent junctional complexes are constant events in the 

endothelium during normal physiological processes such as immune surveillance and 

acute inflammatory responses. Conversely, abnormal dysregulation of cell junctions can 

lead to severe pathologies, including chronic inflammatory diseases and edema. 

Therefore, the endothelium plays a critical role in regulating vascular function during 

both physiological and pathological processes (reviewed by Mehta and Malik, 2006; 

Dejana et al., 2008; Harris and Nelson, 2010).  

The contribution of heterotypic cell associations to vascular permeability has only 

been discovered recently. Armulik and colleagues (2011) tied the function of pericytes 

to the regulation of permeability by the blood-brain barrier (BBB). The authors observed 

that pericyte deficiency induces vascular permeability in the brain through transcellular 

pathways. The findings indicated that the pathways regulating permeability through 

heterotypic cell association and transcellular events are highly interconnected.  

 

1.7 Goals of the dissertation 

The aim of this dissertation was to investigate the biological consequences of the 

crosstalk between endothelial cells and macrophages. Chapter 2 is a review of the 

recent literature that focuses on the current knowledge related to the functional 

interactions between hematopoietic and endothelial cells and it is being prepared for 
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submission. The purpose of this review was to critically evaluate what we have known 

about the contributions of endothelial cells to hematopoiesis during development and 

adulthood. The review also discussed the impact of hematopoietic cells in the biology of 

the endothelium. 

Chapter 3 provides evidence that endothelial cells constitute a viable niche for 

HSC expansion. ECs were derived from various organs of adult mice and tested for 

their capability to support HSCs. Our results revealed an organ-specific preference in 

the promotion of HSC proliferation. We further demonstrated that AML1 is necessary in 

the endothelium to support HSC proliferation. Finally, we explored the effect of 

cytokines on hematopoiesis and found that IL-3 was superior to support myelopoiesis.  

Chapter 4 is a version of a manuscript published in the journal Blood (He et al. 

2012), which investigates the ability of endothelial cells to support macrophage 

differentiation and polarization towards an M2 phenotype. We showed that such 

processes were indeed EC-dependent and that they could be blocked by inhibiting the 

M-CSF pathway.  

Chapter 5 explored the association between EC and macrophages in vivo and 

further investigated the role of macrophages in the regulation of vascular permeability. 

Confocal microscopic analysis revealed the direct contact of macrophages with vessels 

in mesentery. Using intravital imaging, we demonstrated that depletion of macrophages 

lead to increase of permeability. Reconstitution of M2 macrophages could rescue this 

phenotype. Our data also indicated a direct link between macrophage motility and 

vessel permeability. 
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Together, the chapters in this dissertation demonstrate the reciprocally impactful 

regulation between endothelium and hematopoietic cells, especially in regard to 

macrophages. Discussion of the significance and future direction will follow.  
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2.1 Introduction 

Blood vessels and blood cells must develop in parallel during mammalian 

embryogenesis to form a functional circulatory system that provides nutrients and 

oxygen to all tissues, removes metabolic waste products, enables growth, and prevents 

toxicity. The origin(s) of vascular and blood cell types during development is not entirely 

clear. In adulthood, the interactions between endothelial cells (ECs) and hematopoietic 

cells (HCs) contribute to the differentiation status of hematopoietic cells in adult bone 

marrow and the regulation of inflammation and modulation of vascular functions in 

peripheral tissues.  

 

2.2 Endothelium as a niche for HSC origin 

2.2.1 The evidence of hemogenic endothelium 

Mounting evidence over the past few years support that definitive hematopoietic stem 

cells (HSCs) emerge from specialized hemogenic endothelium. For example, Zovein et 

al. (2008) utilized the lineage tracing strategy to uncover that endothelial cells identified 

by VE-cadherin expression were capable of HSC emergence. Live imaging captured 

such events in real time in both mouse and zebrafish (Eilken et al., 2009; Bertrand et 

al., 2010; Kissa et al., 2010; Boisset et al., 2010; Lam et al., 2010). Meanwhile in vitro 

analysis demonstrated the generation of multi-lineage hematopoietic colonies from 

single hemogenic endothelial cell isolated from mouse yolk sac (Goldie et al., 2008) and 

such process went through a hemogenic endothelium intermediate (Lancrin et al., 

2009). Collectively, such studies provide direct evidence that blood cells are generated 
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from the endothelium during definitive hematopoiesis. Recent findings by Chen et al. 

(2011) further clarified this process by showing that the expression of CBF! in Ly6a-

expressing cells was sufficient for HSC, but not EMP (erythroid/myeloid progenitors), 

formation; on the other hand, expression of CBF! in Tek-expressing cells was exclusive 

for EMP formation. These data suggest that HSCs and EMPs differentiate from distinct 

populations of hemogenic endothelial cells.  

2.2.2 Pathways involved in definitive hematopoiesis 

2.2.2.1 Runx1  

The specialization of blood-forming endothelial cells requires the regulation of specific 

signaling and/or transcription factors. Runx1 (or AML1), expressed by both embryonic 

and adult HSCs (North et al., 2002; North et al., 2004), is crucial for the generation of 

definitive HSCs. By genetic deletion of Runx1 in the endothelium and hematopoietic 

cells respectively, Chen et al. (2009) demonstrated that Runx1 was only required by the 

endothelial compartment. Studies in zebrafish by Sood et al. (2010) also confirmed that 

adult HSCs could be formed with a runx1 truncation. Gfi1 and Gfi1b are direct targets of 

Runx1. In the absence of Runx1, Gfi1 and Gfi1b were able to trigger the endothelial to 

hematopoietic transition (EHT; Lancrin et al., 2012).  

2.2.2.2 Etv2 

ETV2 expression has been found in hemogenic endothelium. Its deficiency in 

differentiating embryonic stem cells and gastrulating embryos results in a complete 

absence of hemogenic endothelium. Upon culture ETV2-expressing cells were able to 

generate definitive hematopoietic progenitors (Wareing et al., 2012). Using Etv2-EYFP 
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transgenic mouse, Koyano-Nakagawa et al. (2012) found that the early hematopoietic 

activity in yolk sac was exclusively localized to Etv2+ cell population. In Etv2 mutant yolk 

sac, hematopoiesis was inhibited.  

2.2.2.3 Notch 

Notch, a master regulator of development, has also played a critical role in definitive 

hematopoiesis. Notch1 and Mindbomb (essential for activation of Notch) inactivated 

mice (Kumano et al., 2003; Burns et al., 2005) exhibited a lack of hematopoiesis. 

However, one could argue that since HSC has its origin in artery the phenotype of these 

Notch mutants could be due to the critical role of Notch in artery specification, thus 

affecting blood cells budding from arteries. To further investigate the independent role of 

Notch in regulating hematopoiesis, Robert-Moreno et al. (2008) discovered that 

Jagged1, a ligand of Notch1, mutants showed impaired hematopoiesis but normal 

arterial development. In agreement with this finding, analysis of chimeric mice 

generated from wild type and Notch1-deficient embryonic stem cells demonstrated that 

Notch1 was essential for all types of embryonic, fetal progenitors and hematopoietic 

cells present in fetal liver, but not for adult hematopoiesis (Hadland et al., 2004). 

Similarly conclusion was made in zebrafish study where the mutation of Mindbomb only 

affected the HSC specification but not primitive hematopoiesis (Bertrand et al., 2010). 

Together these results indicate that Notch signaling is essential for generating definitive 

hematopoietic cells.  

2.2.2.4 Sox7 

SOX7 is expressed in hemogenic endothelium and is down regulated in nascent blood 

cells. Knockdown of Sox7 in vitro correlated with the decrease in hematopoietic 
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progenitor formation. However, Sox7-enforced expression in hematopoietic precursors 

blocked the differentiation of erythroid and myeloid lineages (Gandillet et al., 2009). 

Similar to SOX7, VE-cadherin is expressed in hemogenic endothelium and is down 

regulated during EHT. Kouskoff et al. (2012) further clarified that SOX7 activates VE-

cadherin via direct binding to its promoter. 

 

To conclude this part, technological advances have allowed for mechanistic and 

physiological investigation on hemogenic endothelium and the process of definitive 

hematopoiesis. However, what is the origin and characteristic markers of hemogenic 

endothelium and whether embryonic hematopoietic processes can be recapitulated in 

adult are still under investigation. 

 

2.3 Endothelial cells as a niche for HSC self-renew 

The precise regulation of HSCs by the niche has to coordinate the balance between 

self-renewal and differentiation. Studies over the decade on bone marrow, the most 

important niche for adult HSC, have solidified the pivotal role of ECs in regulating 

hematopoiesis.  

Anatomically, Kiel et al. (2005) demonstrated that HSCs (CD150+CD244-CD48-) 

resided in close proximity to bone marrow (BM) sinusoidal vessels. Via microscopic 

imaging, Lo Celso et al. (2009) showed that transplanted BM progenitor cells 

preferentially engrafted in BM vascular domains. Chute et al. (2007) and Salter et al. 

(2009) reported that systemic infusion of syngenic ECs accelerated both vascular 
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regeneration and survival in the bone marrow of irradiated mice. Loss of function study 

by Hooper et al. (2009) found that VEGFR2 –/– mice had delayed BM vascular 

regeneration and hematopoietic recovery in mice following irradiation. Along the line, 

Butler et al. (2010) administrated an anti-VEcadherin antibody resulting in inhibiting 

multi-lineage hematologic recovery following myelosuppression. Taken together, these 

studies suggest that EC-mediated signaling is necessary for both the maintenance and 

the regeneration of hematopoietic cells in vivo. 

Numerous in vitro studies have supported the role of EC in HSC self-renewal. 

Due to limited space, we are only highlighting some of them. Chute et al. (2002) tested 

human brain ECs (HUBECs) for the capacity to support human HSC growth in culture. 

Li et al. (2004) examined the efficiency of maintaining HSCs and progenitors with ECs 

derived from various organs. Taking another approach, Butler et al. (2012) compared 

the capability of expanding HSCs with human cord blood co-culture versus with cytokine 

alone and concluded that direct contact with ECs resulted in greater expansion of 

hematopoietic progenitors.  

On the molecular level, recent investigations have suggested an important role 

for both vascular secreted factors and cell membrane molecules. Conditional deletion of 

SCF (stem cell factor) in endothelial compartment, but not in blood cells, osteoblasts, or 

mesenchymal cells, caused HSC defecticiency. This suggests that vascular niche is 

pivotal in HSC maintenance (Ding et al., 2012). Investigation with E-selectin knockout 

(Sele(-/-)) mice revealed that HSC quiescence was enhanced, pointing at the role of E-

selectin, as a component exclusive to the vascular niche, in promoting HSC proliferation 

(Winkler et al, 2012). Angiocrine expression of Notch ligand by ECs promoted 
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proliferation and prevented exhaustion of long-term HSCs (LT-HSCs). In transgenic 

notch-reporter mice, regenerating notch-expressing LT-HSCs were detected in direct 

contact with sinusoidal ECs (Butler et al., 2010). Angptl3, highly expressed by BM 

sinusoidal ECs, is critical to support the stemness of HSC, because Angptl3 inactivation 

in endothelium led to a significantly decreased expansion of repopulating HSCs (Zheng 

et al., 2011). The role of CXCL12-CXCR4 signaling has been controversial. While it 

plays an important role in maintaining the quiescent HSC pool, deletion of CXCR4 did 

not impair the expansion of more mature progenitors (Sugiyama et al., 2006). 

Collectively, these studies suggested an important function for ECs in regulating 

the self-renewal of HSCs. But a magic potion to maintain and expand HSCs in vitro is 

still the top target of regenerative clinicians. Also, the complexity of HSC niches will 

worth long-term investigation. 

 

2.4 Endothelial cells as a niche for Multipotent HPCs 

Besides providing a niche for HSC proliferation, ECs also constitute a platform for the 

differentiation of hematopoietic progenitors. This can be exemplified by the findings from 

our group and other groups (Rafi et al., 1995; Kobayashi et al., 2010), which 

demonstrated that ECs could support multi-lineage hematopoiesis especially the 

proliferation and differentiation of myeloid and megakaryocytic progenitors in vitro. 

Wittig et al. (2010) have identified the capacity of liver sinusoidal EC to promote B 

lymphopoiesis from BM progenitors. 
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In addition to that, Pitchford et al. (2012) demonstrated that in response to both 

VEGF-A165 and PlGF-2 treatment in vivo, circulating platelets increased by mobilizing 

megakaryocytes from the endosteal to the vascular niche. Blocking CXCR4 suppressed 

both redistribution of megakyocytes and thrombocytosis. Avecilla et al. (2004) reported 

that megakaryocyte-active chemokines, such as SDF-1 and FGF-4 were able to restore 

compromised platelet production by increasing the recruitment of megakaryocyte 

progenitors to the vascular niche mediated by VCAM-1 and VLA-4. These data pointed 

at the role of chemokines in mediating the interactions between progenitors and their 

vascular niche, which is permissive and instructive for cell differentiation.  

 

2.5 ECs as a niche for macrophage differentiation 

A few studies have focused on that the role of ECs in supporting the proliferation and 

differentiation of myeloid cells. When co-culture cord blood hematopoietic progenitor 

cells with autologous umbilical vein endothelial cells (HUVEC), Yildirim et al. (2005) 

reported a large myeloid cell expansion. Pakala et al. (1999) examined the ability of 

ECs, smooth muscle cells or fibroblasts to stimulate monocyte proliferation, and 

concluded that ECs promote the fastest growth of monocytes when co-cultured in vitro.  

We have demonstrated that adult endothelial cells of diverse origins provide a 

niche for the expansion and differentiation of macrophages from hematopoietic 

progenitors at different stages of developmental progression (He et al., 2012). We also 

found that macrophage colonies were M2-polarized and this process involved the 

formation of colonies that exhibited a well-organized structure with poorly differentiated 
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cells in the center and M2-polarized cells on the periphery. The formation and 

maintenance of these colonies require direct contact with endothelial cells. Yet, the 

molecular pathways mediating the EC-induced myeloid differentiation are to be 

discovered.  

 

2.6 Regulation of macrophages on endothelium 

The relationship between ECs and macrophages is reciprocal. Beside the effect of 

endothelium on macrophage differentiation, macrophages have been shown to regulate 

vascular properties under different circumstances.  

During development, macrophages facilitate vascular morphogenesis by 

mediating anastomosis of adjacent capillaries (Fantin et al., 2010). This process is likely 

to be mediated by Notch signaling since macrophages in mice with myeloid-specific loss 

of Notch1 failed to localize at the leading edge of the vascular plexus and anastomose 

with neighboring sprouts (Outtz et al., 2011).  

In carcinogenesis, Tie2-expressing macrophages (TEMs) play a vital role in 

promoting neovascularization. Depletion of TEMs significantly reduced angiogenesis 

and tumor growth (De Palma et al., 2005; Lin et al., 2007). In our co-culture model, 

endothelial-induced macrophages were able to associate with blood vessels and 

promote angiogenesis and tumor growth similarly to TEMs in vivo (He et al., 2012). 

Mechanistically, it has also been reported that after direct contact with monocytes, 

endothelial cells entered S-phase through the activation of endothelial Met gene 

(Schubert et al., 2008). The impact of macrophages on vessels is not limited to blood 
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vessels since macrophage depletion also led to fewer lymphatic vessels and less 

inflammation-induced lymphangiogenesis (Maruyama et al., 2012). 

The direct contact between macrophages and vessels has been visualized by 

several groups. Al-Roubaie and colleagues (2012) were able to observe macrophages 

circulate, roll along the endothelium, and extravasate from vessels. Interestingly, these 

phagocytic cells were generally stationary but able to go to the sites where vascular 

remodeling occurs. A study focusing on pericytes has also demonstrated that 

leukocytes after extravasating from postcapillary venules could be instructed by 

pericytes on the vessel and obtained specific pattern-recognition and motility programs 

(Stark et al., 2013).  

Recently, macrophages have been considered to be part of the vascular niche to 

support HSC (Miyamoto et al., 2011; Lymperi et al., 2011; Mansour et al., 2012). 

However, possibilities have not been ruled out if macrophages directly constitute the 

HSC niche or through promoting the vascular niche.   

 

2.7 Conclusion 

The crosstalk between ECs and HSCs can be traced back to developmental stage 

when a group of specialized ECs gain HSC characteristics and give rise to HCs. Some 

of the pathways involved in this transition also extend their roles in adult hematopoiesis 

to allow ECs provide a niche for adult HSCs. While ECs support the self-renewal of 

HSCs, they also regulate hematopoietic cell differentiation, especially macrophage 

differentiation and polarization. Reciprocally, macrophages contribute to the vasculature 
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formation during development and carcinogenesis. Although several lines of studies 

have addressed this process, more investigations are needed to precisely define the 

biological drive and mechanism that orchestrate this process and the biological 

significance of such process under physiological settings.    
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3.1 Introduction 

Hematopoietic stem cells (HSCs) are multipotent cells with the potential to give rise and 

constantly replenish blood and immune cells (reviewed by Morrison et al., 1995). HSCs 

are defined by two central features- self-renewal and capability of differentiating into all 

types of blood cells (Till and McCullough, 1961). In murine systems, the "gold standard" 

for a stem cell is the ability of reconstituting the entire blood system in a lethally 

irradiated mouse. 

During the last half-century, HSCs have been extensively studied due to their 

enormous potential for therapeutic applications. Specifically, whole bone marrow and 

more recently purified HSCs have been used to treat hematologic malignancies such as 

leukemia and lymphoma (Hansen et al., 1998). Bone marrow transplantation has 

essentially become the standard of care to treat disorders such as sickle-cell anemia, 

chemotherapy-related cytopenias, and some autoimmune diseases, such as diabetes 

and rheumatoid arthritis (reviewed by Kondo et al., 2003).  

However, the vast demand for HSCs and the potential for rejection or 

transmission of other pathologies from donors have brought an ever-increasing number 

of challenges to the management of bone marrow transplantation. First on that list is 

their low number. The current estimation is that only 1 in every 100,000 cells in the bone 

marrow is a long-term, blood-forming stem cell. The exact percentage is unclear as it 

relies on the markers used for evaluation- in fact this is a second challenge. The 

isolation of HSCs requires the knowledge of the specific cell markers that set them apart 

from less pluripotent cells. Unfortunately, information on these markers is incomplete 

thus impairs progress in the clinic. Irving Weissman and his collaborators identified a set 
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of cell surface markers for both mouse and human long-term HSC (Spangrude et al., 

1988; Baum et al., 1992). In mouse, the markers include: Lin-, CD34lo/-, SCA-1+, 

Thy1.1+/lo, CD38+, and C-kit+. This information has aided our understanding of HSC 

representation in the marrow, their biology and characteristics. However, the 

combination of these markers is not fully sufficient to isolate pure HSCs, as use of these 

markers also includes heterogeneous cell populations. Kiel et al. (2005) took another 

route- by comparing the genome of HSCs and downstream progenitors they found a 

group of genes (SLAM family) that can differentiate HSCs and downstream progenitors. 

Today the “SLAM code” for HSCs is used with greater degree of confidence for isolation 

of pluripotent cells, and it includes: CD150+CD48-CD244-. This code revealed that only 

0.0084% of bone marrow cells are in fact HSCs. Cells isolated by these set of markers 

were more efficient at engraftment than subpopulations isolated previously on the basis 

of a large number of markers. The SLAM code was also more conserved across 

different mouse strains. Nonetheless, later on this method was found to exclude a large 

number of pluripotent cells and also include some non-stem cell populations (Weksberg 

et al., 2008). 

Due to the limited source of HSCs, an in vitro approach to maintain and expand 

HSCs would greatly facilitate clinical application. In vitro culture of HSCs is limited and 

vastly relies on our understanding of adult hematopoiesis (Rafii et al., 1995; Davis et al., 

1995; Chute et al., 2002, 2004; Li et al., 2004). It was not clear until recently that 

hematopoietic cells originated from a subset of endothelial cells (ECs) in the embryo. In 

fact, definitive HSCs first emerge from a specialized endothelial intermediate called 

hemogenic endothelium (Zovein et al., 2008; Eilken et al., 2009; Lancrin et al, 2009; 
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Bertrand et al., 2010; Kissa et al., 2010; Boisset et al., 2010). Using a lineage tracing 

strategy in the mouse, Zovein et al. (2008) demonstrated that a subgroup of VE-

cadherin labeled endothelial cells were able to generate hematopoietic progenitors that 

seed the liver and constitute the origin for all definitive hematopoiesis. This work was 

followed by more intensive investigations, such as live imaging and cell tracking of 

blood generation from endothelial cells (Eilken et al., 2009), high-resolution imaging in 

zebrafish and mouse that visualized HSCs emerging directly from dorsal aorta (Bertrand 

et al., 2010; Kissa et al., 2010; Boisset et al., 2010). Using in vitro analysis, Lancrin et 

al. (2009) reached the similar conclusion that definitive hematopoietic cells emerge from 

endothelial (hemogenic endothelial) progenitors. Collectively, these studies provide 

direct evidence that blood cells are generated from the endothelium during definitive 

hematopoiesis.  

It was speculated that the close relationship between ECs and HSCs could be 

extended into adulthood. The bone marrow (BM) has been the center of studies that 

aim to understand the process of HSC emergence, self-renewal and differentiation. In 

general, the microenvironment (or niche) that supports HSCs in the BM can be 

subdivided into three categories: 1) osteoblastic niche, 2) vascular niche and 3) 

perivascular niche (reviewed by Lo Celso and Scadden, 2012; Nakamura-Ishizu and 

Suda, 2013). The discussion of each niche is beyond the scope of this chapter, yet we 

will briefly introduce the evidence for the contribution of the vascular niche in HSC 

biology. In 2005, Kiel et al. demonstrated that HSCs were located in close proximity to 

BM sinusoidal vessels. Lo Celso et al. (2009) provided additional evidence for the 

functional relevance of the vascular niche by showing that transplanted hematopoietic 
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progenitors preferentially engrafted in the BM vascular compartment. Subsequently, 

loss of function experiments with conditional deletions of SCF (stem cell factor) in a 

subset of BM niche cells including: ECs, perivascular stromal cells, blood cells, 

osteoblasts, and mesenchymal cells concluded that ECs and perivascular cells were 

necessary and sufficient for HSC maintenance (Ding et al., 2012). 

The evidence above served as a solid ground for the concept that ECs support/ 

provide a critical niche for the maintenance and growth of HSCs in vitro. As a matter of 

fact, numerous attempts have been made to co-culture HSPCs (hematopoietic stem/ 

progenitor cells) with ECs. These included the use of ECs from different sources to 

evaluate the expansion and cell renewal capability of hematopoietic progenitors with 

different degrees of purity. Two decades ago, Davis et al. (1995) established the co-

culture of porcine microvascular ECs and human CD34+ bone marrow cells. The same 

year, Rafii et al. (1995) applied microvascular ECs derived from human bone marrow to 

support long-term proliferation and differentiation of myeloid and megakaryocytic 

progenitors. Chute et al. (2002; 2004) optimized the system by using human brain ECs 

for the co-culture. Li et al. (2004) evaluated ECs isolated from different organs to 

improve the efficiency of HSPCs maintenance and found that brain and heart EC 

significantly boosted HSC population. More recently, Butler et al. (2010; 2012) showed 

that ECs supported long-term HSCs through angiocrine expression of Notch ligands 

and the co-culture was superior to cytokines alone.  

Collectively, these studies have suggested an essential role for ECs in 

hematopoiesis and hematopoietic regeneration. But so far long-term expansion of HSCs 

has not been achieved due to the exhaustion of ECs and differentiation of HSCs. Also, 
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the yield and purity of HSC culture has not been satisfying. In this work, we overcame 

the problem and achieved long-term expansion of HSCs by co-culturing with 

immortalized ECs. Our findings demonstrated that we were able to enrich HSC 

population to more than 50% out of all hematopoietic cells. We also highlighted some 

transcription factors that are essential during development still playing an important role 

in supporting adult hematopoiesis.  

 

3.2 Materials and Methods 

3.2.1 Mice 

DsRed mice (B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J) and Immortomice (CBA;B10-

Tg(H2Kb-tsA58)6Kio/Crl) were purchased from The Jackson Laboratory and Charles 

River respectively. Animal protocols were conducted in accordance with UCLA 

Department of Laboratory Animal Medicine’s Animal Research Committee guidelines. 

3.2.2 Cell culture 

IMEC lines and bone marrow cells were obtained as previously described (He et al., 

2012). For HSC culture, the HSC medium includes alpha-MEM (Gibco), 20% fetal 

bovine serum (Hyclone), penicillin-streptomycin (100U/ml, Cellgro), β-mercaptoethanol 

(55μM, Gibco), SCF (40 ng/ml), Flt3-L (20 ng/ml), IL-6 (10 ng/ml), IL-3 (10 ng/ml), TPO 

(10 ng/ml) and VEGF (10 ng/ml). All cytokines were purchased from PeproTech. 

Micrographs were acquired by Axiovert 200M microscope (Carl Zeiss).   

3.2.3 Flow cytometric analysis 
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Cells were washed with PBS before detached from plates with trypsin. The cell solution 

was then passed through 40μm filter and spun down. The cell pellet was resuspended 

with fluorophore-conjugated antibodies (diluted in FACS buffer) at 4°C for 20 min. FACS 

buffer includes HBSS (Cellgro) with 2% FBS (Omega Sci., Inc) and 10mM HEPES 

(Gibco). Antibodies used in these studies were APC- lineage cocktail (BD Biosciences), 

PE-Cy7- Sca1 (eBioscience), FITC- cKit (eBioscience), PerCP-eFluor 710- CD150 

(eBioscience), APC-eFluor780- F4/80 (eBioscience), PE- Gr1 (eBio., 12-5931), (eBio., 

11-1171), APC- lineage cocktail (BD Biosciences, 51-9003632), APC- CD31 (eBio., 17-

0311) and FITC- Mac1 (eBio., 11-0112). DAPI (Invitrogen, D1306) was used as a 

viability dye. LSRII Analytic Flow Cytometer (BD Biosciences) was used for acquisition. 

For quantification, duplicates or triplicates were analyzed. For progenitor sorting, DsRed 

bone marrow cells were isolated and immunofluorescently labeled with indicated 

markers. FACSAriaII High-Speed Cell Sorter (BD Biosciences) was used. Data was 

analyzed with FlowJo (Tree Star, Inc.). 

3.2.4 Cell transduction  

Lentiviral vectors carrying AML1, CoupTFII or Prox1 cDNAs were purchased from 

Genecopoeia, Inc. These vectors were then made into viruses by UCLA VectorCore. 

IMECs were infected with these viruses and cells expressing desired constructs were 

selected by puromycin. Cells were then passaged and under selection until high purity 

was reached. Protein expression was confirmed by western blot. Antibodies used for 

western blot were rabbit anti- Prox1 (AngioBio), rabbit anti- Runx1 (Abcam) and mouse 

anti- Coup TFII (R&D Systems).  
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3.3 Results 

3.3.1 IMEC co-culture supports long-term HSC expansion 

To study the molecular and cellular nature of endothelial cells (ECs) to support 

hematopoietic stem cells (HSC), we established an in vitro co-culture system (Figure 

1A). In order to obtain long-live ECs, we isolated sinusoidal endothelial cells from 

Immortomice® liver. These immortal murine endothelial cells (IMECs) expressed typical 

EC markers, such as VE-Cadherin and VEGFR2 (Figure1B) and responded to VEGF 

with elevated phosphorylation of VEGFR2 (Figure1C). IMECs were grown to a confluent 

monolayer before used to support the growth of bone marrow hematopoietic cells (HCs) 

isolated from DsRed mice. Intriguingly, such co-culture could be sustained for a very 

long period, 56 days or 8 weeks  (Figure1D). However, in the absence of IMECs HCs 

were not able to survive in the dish for more than 2 weeks. To evaluate the expansion of 

HSCs, we used the markers- LSKCD150 (Lin-/Sca-1+/c-Kit+/CD150+), which was 

optimized for removing differentiated cells and enriching for progenitor cells. Using this 

approach, we examined the percentage of LSKCD150 in hematopoietic cells both in the 

supernatant (non-adherent) and adherent to the IMECs. Interestingly, the majority of 

HSCs were adherent and comprised more than 50% of all adherent hematopoietic cells 

after 4 weeks  (Figure1E). The progression of lineage negative cells could be 

demonstrated by the overlay histograph from flow cytometric analysis (Figure1F). In all, 

IMECs were able to support long-term and high-yield expansion of HSCs.    

3.3.2 IMECs are superior to stroma cells for HSC promotion 

Stroma cells such as OP9 cells have been reported to support HSC proliferation 

(Vodyanik et al., 2005; Ji et al., 2008; Weisel et al., 2009). In order to examine which 
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cell type is best for HSC expansion, we compared the co-cultures using either OP9 or 

IMECs. We found that OP9 co-culture could not sustain HSCs as long as IMECs did, 

with the longest culture being 4 weeks (Figure 2A). In addition, the percentage of 

LSKCD150 cells was lower in OP9 co-culture when compared to IMECs (Figure 2B). 

Although a quick expansion of HSCs was observed in the first week in OP9 culture it 

maintained at a low level thereafter. Interestingly, there were more HSCs in the 

supernatant of OP9 co-culture, although at a low percentage (Figure 2C). In conclusion, 

ECs were more efficient for HSC expansion. 

3.3.3 ECs from different organs support HSC expansion 

To determine whether ECs of different origin could support HSCs, IMECs were also 

isolated from adipose (fat) tissue and lung. The respective primary cultures were fully 

characterized with EC markers (Figure 3A,B). Co-cultures using different IMECs were 

compared in parallel. To be noticed, both fat and lung IMECs were able to support 

hematopoiesis in long-term (Figure 3C,D). Interestingly, the HSC expansion in lung 

IMECs co-culture peaked at day 21; whereas fat IMECs promoted HSC expansion in a 

gradual manner (Figure 3E). But liver IMECs still gave the highest yield of HSCs. 

3.3.4 Different transcription factors affect the ability of IMECs to support HSCs  

A broad array of transcription factors are required to regulate different cell lineage 

specification and differentiation during hematopoiesis. AML1 (or RUNX1) is involved in 

hemogenic endothelium to HSC transition and it is responsible for mature HSC 

production (Huang et al., 2008; Chen et al., 2009; Kumano and Kurokawa, 2010). 

Orphan receptor COUP-TFII is expressed by venous ECs and it is also required for 

lymphatic endothelial cell commitment (You et al., 2005; Yamazaki et al., 2008; 
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Aranguren et al., 2011). Prox1 interacts with COUP-TFII to specify lymphatic endothelial 

cell fate, and its activity is essential for the maintenance of lymphatic EC identity. 

(Johnson et al., 2008; Lee et al., 2009; Del Giacco et al., 2010; Srinivasan et al., 2010; 

Aranguren et al., 2013).  

To evaluate how these transcription factors may contribute to the ability of adult 

ECs to induce/sustain hematopoiesis, we established IMEC lines over-expressing each 

of the factors mentioned above. Western blots confirmed the correct protein expression 

in IMECs (Figure 4A). Notably, the expression of AML1 in IMECs increased their growth 

rate (Figure 4B). However, Coup-TFII and Prox1 over-expressing IMECs reduced 

proliferation dramatically. In terms of the capability to support HSCs, AML1-expressing 

IMECs were superior to wild type as well as the other two types of IMECs in long term 

(Figure 4C). These data suggest that AML1 is not only essential for HSC production 

during hematopoiesis but also important in the provision of a correct niche for HSC 

proliferation. 

3.3.5 IMECs support cell differentiation and cytokines play a role in this process 

While promoting HSC self-renewal, IMECs also support hematopoietic cell 

differentiation. The potential to induce differentiation or promote stemness is likely to be 

distinct for ECs isolated from different organs and also from different cell types. In IMEC 

co-culture, the neutrophil population, most likely carried from bone marrow, comprised 

the majority of the differentiated cells at the beginning (Figure 5A) but dramatically 

decreased on day 4. Instead, the number of monocytes and macrophages boosted on 

day 6, and macrophages remained as the major population from 2 weeks on (Figure 

5B,C), which indicated that IMECs co-culture favored macrophage differentiation.  
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Cytokines play an important role in attraction or retention of HCs and the 

differentiation status of HSCs (reviewed by Alexander, 1998; Dahlberg et al., 2011). In 

order to determine the role of different cytokines in IMECs induced hematopoiesis, we 

tested all the cytokines in the original culture medium- SCF, Flt3L, IL-3, IL-6, TPO and 

VEGF, with different combinations (data not shown). Co-culture with only IL-3 showed 

superior capability to support macrophage and monocyte expansion (Figure 5B,C), yet 

failed to support the other cell populations (Figure 5A,D). This pointed to a crucial role of 

IL-3 in macrophage differentiation and/or proliferation.  

 

3.4 Discussion 

The HSC niche includes many cellular components: osteoblast, sinusoidal endothelial 

cells, reticular cells and mesenchymal cells, etc (reviewed by Nakamura-Ishizu and 

Suda). All these non-hematopoietic cell types constitute the bone marrow stromal 

scaffold, which provides a physical support as well as molecular signals for directing 

HSC self-renewal and differentiation (reviewed by Krebsbach et al., 1999). Numerous 

attempts have been made to use stromal cells to support HSC expansion. In the current 

study, we tested the efficiency of adult ECs in promoting HSC proliferation and 

differentiation. Our data showed that the LSKCD150 cell population could be enriched 

to 50% of total hematopoietic cells. ECs derived from different organs had distinctive 

features in terms of supporting HSCs expansion.  

3.4.1 OP9 vs EC 
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OP9 is a unique stromal cell line created from CSF1-deficient op/op mice, which has 

been widely used to induce the differentiation of embryonic stem cells (ESCs) and 

support the expansion of hematopoietic progenitors (Feugier et al., 2005; Vodyanik et 

al., 2005). Ji et al. (2008) demonstrated that such support was through promoting the 

survival of the progenitors. We compared OP9 and IMECs in parallel, and noticed that 

IMECs could promote the long-term expansion of LSKCD150 cells, whereas OP9 could 

only support short-term proliferation yet maintain their self-renewal at low density. Such 

differences reveal that OP9 provides a niche for quiescent HSCs and support their self-

renewal, while EC supplies HSCs with proliferating signals and provide an activated 

niche.    

3.4.2 Organ-specific EC as HSC niche 

Sinusoidal endothelial cells have been essential to support both self-renewal and 

differentiation of HSPCs. For example, Kobayashi and colleagues (2010) used 

genetically modified human umbilical vein endothelial cells (HUVECs) to co-culture with 

HSPCs and demonstrated that HUVEC could provide a niche for HSPC expansion, as 

well as lineage-specific differentiation. Mechanistically, one could speculate that the 

ability of ECs to mediate regeneration or differentiation of HCs is largely dependent on 

organ-specific determinants. The fact that liver ECs are superior to adipose and lung 

ECs as shown in our data could serve as a great example. Although the exact 

molecular mechanisms are yet to be unveiled, one possible explanation is that early in 

development the fetal liver is a major site for hematopoiesis (Morrison et al., 1995) and 

part of that molecular signature could be carried over to adulthood. In fact, 

extramedullary hematopoiesis still occurs during adulthood although it is more 
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frequently associated with pathologic processes. Overall, organ-specific ECs may have 

a different genetic signature therefore impart different signals to HSCs. 

3.4.3 AML1 in EC 

Specific transcription factors can be important for both vascular and hematopoietic 

development, such as Scl (Kappel et al., 2000; Patterson et al., 2005). AML1 (or Runx1) 

knockout mice exhibited a loss of definitive hematopoiesis as well as defects in vascular 

development (Kalev-Zylinska et al., 2002). Deletion of AML1 in ECs led to marked 

blockade of tube morphogenesis and complete inhibition of EC sprouting (Stratman et 

al., 2011). We took a different approach by over-expressing AML1 in adult ECs and 

found that the proliferative rate of AML1-ECs was enhanced and that they offered a 

better support for HSC expansion. Thus, AML1 is a critical transcriptional regulator for 

both vascular and hematopoietic development. 

3.4.4 Cytokines supporting hematopoiesis 

Studies aimed at improving the current status of HSC expansion for clinical purposes 

have favored cytokine-mediated methods for their nontoxic and non-cell contamination 

features. However, such methods usually generate only moderate increases in HSC 

numbers and modest recovery of neutrophils (Shpall et al., 2002; Jaroscak et al., 2003). 

Based on a recent study, it seems to be promising that by combining Notch signaling 

activation and cytokine treatment, hematopoietic progenitors could be expanded to a 

larger extend (Delaney et al., 2005; 2010). Still the specific cytokine mediated 

hematopoiesis needs to be carefully dissected due to the fact that the cooperative 

actions of several cytokines could regulate the multiple fates of hematopoietic stem cells 

– including quiescence, self-renewal, differentiation, apoptosis, and mobilization in the 
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niche (reviewed by Zhang and Lodish, 2009). We have shown here that IL-3 plays a 

specific role in EC induced-myelopoiesis, which provides a new insight into the 

orchestrated regulation of niche cells and cytokines.  

To date, significant progress has been achieved on in vitro/ ex vivo expansion of 

HSCs, yet there are still barriers to be overcome. Specifically: how to maintain HSC 

undifferentiated in vitro, how to utilize feeder cells without much cell contamination and 

after in vitro expansion, how to ensure HSCs home to the appropriate niche and survive 

in vivo. We believe that understanding the biology of HSCs and the crosstalk between 

HSCs and niche cells is the key.  
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Endothelial Cells Provide an Instructive Niche for  

The Differentiation and Functional Polarization of  

M2-Like Macrophages 
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4.1 Introduction 

The link between the hematopoietic and the endothelial cell lineages is rooted early in 

development. In fact, definitive hematopoietic stem cells (HSCs) first emerge in the 

embryo from a specialized endothelial intermediate that holds hemogenic capacity 

(Zovein et al., 2008; Chen et al., 2009; Eilken et al., 2009; Lancrin et al., 2009). 

Although the process of hematopoietic cells (HCs) budding from hemogenic 

endothelium is no longer present in the adult, the interactions between HCs and the 

endothelium continue to be critical for the trafficking and homing of HCs, as well as for 

activation and recruitment of inflammatory cells to specific tissue sites (reviewed by Ley 

et al., 2007). 

More recently, sinusoidal endothelial cells were shown to be essential for the 

self-renewal capacity of hematopoietic stem/progenitor cells (HSPCs) through the 

production of specific angiocrine factors (Heissig et al., 2002; Butler et al, 2010). 

Intriguingly, bone marrow sinusoidal endothelial cells can also constitute a platform for 

the differentiation of HSPCs. This dual role of endothelial cells has been best 

exemplified by findings communicated by Kobayashi and colleagues, where the co-

culture of genetically modified human umbilical vein endothelial cells (HUVECs) with 

HSPCs supported both self-renewal and lineage-specific differentiation of HSPCs 

(Kobayashi et al., 2010). Notably, the mechanisms by which endothelial cells mediate 

regeneration or differentiation of HCs depend largely on organ-specific determinants. 

Overall, mounting evidence support the concept that the crosstalk between endothelial 

cells and HCs impacts the differentiation and stem cell properties of hematopoietic 

progenitors. 
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The consequences of endothelial-hematopoietic cell interactions are not 

unidirectional towards the latter; endothelial cells have also shown to benefit. In fact, 

macrophages have been demonstrated to associate tightly with capillaries and aid in the 

progression of angiogenesis. Specifically, during development, tissue-resident 

macrophages facilitate vascular morphogenesis by bridging the neighboring tip cells 

and mediating anastomosis of adjacent capillaries (Espinosa-Heidmann et al., 2003; 

Sakurai et al., 2003; Fantin et al., 2010). In pathological situations, such as 

carcinogenesis, Tie2-expressing macrophages (TEMs) are actively involved in 

promoting tumor neovascularization. Selective depletion of TEMs significantly impairs 

angiogenesis and tumor growth (De Palma et al., 2005; Lin et al., 2007).  

To further dissect the impact of the crosstalk between adult endothelial cells and 

HCs, we established a long-term co-culture system. Here we show that adult endothelial 

cells of diverse origins provide critical niches for the selective growth and differentiation 

of macrophages from hematopoietic progenitor cells. This process involves the 

formation of colonies that exhibit progressive differentiation towards an M2-like 

phenotype. The formation and maintenance of these colonies require direct contact with 

endothelial cells. Overall, the findings provide novel insights into the broad impact of the 

endothelium on HCs and further define the interactions that are critical for angiogenesis 

in both physiological and pathological settings.  

 

4.2 Materials and methods 

4.2.1 Mice 
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DsRed mice, B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J, were purchased from The Jackson 

Laboratory. Immortomice, CBA;B10-Tg(H2Kb-tsA58)6Kio/Crl, were purchased from 

Charles River. Animal protocols were conducted in accordance with UCLA Department 

of Laboratory Animal Medicine’s Animal Research Committee guidelines. 

4.2.2 Isolation and purification of IMECs  

Mice were perfused with PBS, followed by 500 μg/mL collagenase (Sigma, c0130). 

Liver, lung and adipose tissue were homogenized and incubated with collagenase at 

room temperature for 30 min. Samples were mixed with MCDB-131 medium (VEC 

Tech., Inc) containing 20% FBS (Omega Sci., Inc, FB-11), centrifuged at 2000 rpm for 5 

min and then resuspended in MCDB-131 medium with 20% FBS. The suspension was 

passed through a 40μm filter (BD Biosciences, 352340), and plated onto gelatin-coated 

culture dishes. After 2 hours, cells were washed extensively to remove non-adherent 

cells, then cultured at 33°C (for induction of the oncogene). For purification, confluent 

endothelial cells were washed with cold DMEM (Cellgro, 10-017-CV) twice then 

incubated with rat anti-mouse-CD31 (BD Biosciences, 553370) in DMEM for 15 min 

under agitation at room temperature. Cells were washed twice with cold DMEM and 

incubated with anti-rat-IgG magnetic beads (Invitrogen) for 15 min at room temperature, 

followed by washes, trypsinization and magnetic purification. After several washes, 

purified endothelial cells were resuspended in DMEM with 10% FBS and 20U/ml 

IFNgamma and cultured at 33°C. Characterization of the IMECs confirmed the 

expression of VEGFR2 and VE-Cadherin and their functional activation by VEGFA 

(Figure S1A). Purity of the IMECs was evaluated by the expression of CD31 via flow 

cytometry (Figure S1B). 
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4.2.3 Isolation of bone marrow cells 

Bone marrow cells were isolated from DsRed mice. Briefly, tibia and femur were 

obtained then bone marrow was flushed using DPBS (Cellgro, 21-031-CV). Red blood 

cells were lysed. Cell suspension was passed through a 40μm filter (BD Biosciences, 

352340) and seeded on the top of IMEC monolayer. Cells were cultured in HSC media 

(alpha-MEM (Gibco, 12000-022) with 20% fetal bovine serum (SH30070.03E, Hyclone), 

penicillin-streptomycin (100U/ml, Cellgro), !-mercaptoethanol (55μM, Gibco), murine 

SCF (40 ng/ml), Flt3-L (20 ng/ml), IL-6 (10 ng/ml), IL-3 (10 ng/ml), TPO (10 ng/ml) and 

VEGFA (10 ng/ml)). All cytokines were purchased from PeproTech. Culture media were 

changed weekly. Cultures were observed under Axiovert 200M microscope (Carl Zeiss) 

for phase contrast and fluorescent imaging twice every week at room temperature.   

4.2.4 Colony cell harvesting 

Co-cultures of indicated days were washed twice with DPBS (Cellgro, 21-031-CV) then 

incubated with Versene for 5 min. IMECs were separated from colonies by incubating 

with Versene at 37°C until they detached from the plate as a thin layer. Attached cells 

were rinsed with DPBS (Cellgro, 21-031-CV) and collected by cell lifter. The purity of 

colony cells being F4/80+ and Mac1+ was evaluated by flow cytometry, as being shown 

in Fig1D. 

4.2.5 May-Grünwald Giemsa (MGG) staining 

Cytospin slides of bone marrow and colony cells were prepared by Shandon Cytospin 4 

cytocentrifuge (Thermo Electric) following standard procedures. To identify nuclear and 

cytoplasmic characteristics of each cell, cytospin specimens were stained with 100% 
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May-Grünwald solution (Merck) for 5 min, followed by phosphate buffer wash, and then 

stained with 5% Giemsa solution (Merck) in deionized water for 15 min. All staining 

procedures were performed at room temperature. Staining was analyzed with Olympus 

BX40 microscope (Olympus). 

4.2.6 Flow cytometry and cell sorting 

Colony cells were isolated, counted and incubated with fluorophore-conjugated 

antibodies at 4°C for 30 min, then resuspended in FACS buffer (HBSS (Cellgro, 21-022-

CV) with 2% FBS (Omega Sci., Inc, FB-11) and 10mM HEPES (Gibco, 15630)). 

Antibodies used were APC-eFluor780-F4/80 (eBio., 47-4801), eFluor450-Ly6C (eBio., 

48-5932), AlexFluor700-MHCII (eBio., 56-5321), APC-Tie2 (Biolegend, 124009), PE-Gr-

1 (eBio., 12-5931), PE-Cy7-Sca1 (eBio., 25-5981), FITC-cKit (eBio., 11-1171), APC-

lineage cocktail (BD Biosciences, 51-9003632), APC-CD31 (eBio., 17-0311), FITC-Mac-

1 (eBio., 11-0112), APC-CD206 (Biolegend, 141707), APC-CD36 (eBio., 17-0361), 

FITC-iNOS (BD Biosciences, 610330), PerCP-eFluor710-CD115 (eBio., 46-1152). DAPI 

(Invitrogen, D1306) was used as cell viability dye. LSRII Analytic Flow Cytometer (BD 

Biosciences) was used for acquisition. For progenitor sorting, DsRed bone marrow cells 

were isolated and immunofluorescently labeled with indicated markers. FACSAriaII 

High-Speed Cell Sorter (BD Biosciences) was used. Data were analyzed with FlowJo 

(Tree Star, Inc.). Triplicates were analyzed for quantification. 

4.2.7 Immunofluorescent staining  

For co-cultured cells, colony cells were fixed with 2% PFA after removal of IMEC layer. 

Immunofluorescent labeling was performed using standard procedures. Antibodies used 

were anti-mouse Csf1r (eBio., 14-1152), anti-mouse F4/80 (Serotech, MCA497R), anti-
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mouse CD206 (Santa Cruz, sc-34577) and anti-mouse CD31 (BD Biosciences, 

553370). DAPI (Invitrogen, D1306) was used to stain nuclei. Fluorescent microscopy 

was performed using confocal microscope, LSM710 (Carl Zeiss) at room temperature.  

4.2.8 BrdU assay 

BrdU (Sigma, B5002) was added to the co-culture for 6 hrs before cells were fixed with 

Carnoy’s fixative. DNAs were then denatured with 2M HCl (Sigma) and neutralized with 

borate buffer (pH 8.5, Sigma). Immunofluorescent labeling was performed using 

standard procedures with anti-mouse BrdU (Pierce, MA3-071) and anti-mouse F4/80 

(Serotech, MCA497R) antibodies. DAPI (Invitrogen, D1306) was used to stain nuclei. 

Fluorescent microscopy was performed using confocal microscope, LSM710 (Carl 

Zeiss) at room temperature. 

4.2.9 Dil-Ac-LDL assay 

Cells were labeled with 10 μg/ml DiI-Ac-LDL (Invitrogen, L3484) for 4 hrs at 37°C, then 

washed with PBS, trypsinized and passed through a 40 μm filter (BD Biosciences, 

352340) to produce single cell suspension. LSRII Analytic Flow Cytometer (BD 

Biosciences) was used. APC-CD31 (eBio., 17-0311) was used to exclude IMEC 

contamination. 

4.2.10 Ultrastructural analysis  

For Transmission Electronic Microscopic (TEM) analysis, cells were cultured on 

Thermanox Coverslips (Ted Pella Inc, 26028) and fixed in Karnovsky’s glutaraldehyde. 

Ultrathin sections were prepared by UCLA Electron Microscopy Core Facility and 

examined under transmission electron microscope (JEOL 100CX) at room temperature.  
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4.2.11 Transwell assay 

All transwell assays were performed with HSC media (see Cell culture). IMECs were 

seeded in the cell culture inserts (BD Biosciences, 353090) and hematopoietic cells 

were seeded into the 6-well plate. For direct contact transwell experiment, IMECs were 

seeded with inserts (BD Biosciences, 353090 and 353091) upside-down, incubated with 

medium for 2 hrs then place into a 6-well plate as regular cultures. Cultures were 

observed under Axiovert 200M microscope (Carl Zeiss) for phase contrast and 

fluorescent imaging at room temperature.  

4.2.12 Real-time PCR 

Total RNA was extracted using RNeasy Kit (Qiagen, 74106). RNA was reverse 

transcribed to cDNA using SuperScript First-strand Synthesis System (Invitrogen, 

18080-051) according to manufacture instructions. Quantitative real-time PCR was 

performed using SYBR Green system (Qiagen, 330509) and detected on Opticon2 PCR 

machine (M J Research) by 3-stage program parameters provided by the manufacturer. 

Each sample was tested in triplicates and samples obtained from two independent 

experiments were used. Analysis of relative gene expression data used the 2 ∆∆CT 

method.  

4.2.13 GW2580 treatment and Annexin V/PI staining 

GW2580 (a gift from Dr. Lily Wu, UCLA) was dissolved in dimethyl sulfoxide and added 

to the co-culture from day 1 at the concentration of 2 M. For cell cycle analysis, 

GW2580 treated colony cells and control were fixed with 75% ethanol (Gold Shield 

Chem.) for 1 hour at 4 °C. Cells were then washed twice with PBS. 0.5ml of propidium 
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iodide staining solution (BD Biosciences, 556463) and 0.1mg/ml RNase A (Sigma, 

R4875) were added to the cell pellet and incubated for 1hr at room temperature. 

Histogram of PE (for PI detection) was obtained using LSRII Analytic Flow Cytometer 

(BD Biosciences) and analyzed with FlowJo (Tree Star, Inc.). For Annexin V/PI staining, 

colony cells were washed twice with cold PBS and resuspended in FACS Buffer (see 

Flow cytometry and cell sorting) at a concentration of 1x106 cells/ml. 100 !l of the 

solution was added with FITC-Annexin V (BD Biosciences, 556419) and PI (BD 

Biosciences, 556463), then incubated for 30 min at room temperature in the dark and 

washed before flow cytometric analysis.  

4.2.14 Microarray hybridization and data analysis 

Total RNA was extracted using RNeasy Mini Kit (Invitrogen). Integrity of the RNA was 

evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Also, CA, 

USA) and purity/concentration was determined by NanoDrop 8000 Spectrophotometer 

(Thermo Scientific). Agilent mouse 8X60k array hybridizations were performed by UCLA 

Clinical Microarray Core following standard Agilent Expression Analysis protocol 

(GSE39660). The acquisition of array image was undertaken by Agilent Scan Control 

and Feature Extraction 10.7 software. Raw data were analyzed using Partek genomics 

Suite 6.4. Data were normalized by RMA algorism. Thresholds for selecting significant 

genes were set at >= 2-fold and FDR corrected p<0.05. Genes met both criteria were 

considered as significant changes. 

4.2.15 Tumor growth and angiogenesis model 

RM1 cells (1x105) alone or with colony cells (2x104) were injected s.c. on the flank of 

C57BL/6 mice. Tumor size was determined by caliper measurements when tumors 
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were palpable from day 6. Tumor volume was calculated by a rational ellipse formula 

(m1"m1"m2"0.5236, where m1 is the shorter axis and m2 is the longer axis). Thin 

sections (~4 m) were prepared from PFA-fixed paraffin-embedded tumor tissues. To 

quantify vessels, three sections from two to three tumors of each group were 

immunostained for CD31 (BD Biosciences, 553370) and scanned by a confocal 

microscope (Carl Zeiss, LSM710) at room temperature. Three high-power fields from 

each slide were examined using ImageJ software (NIH, 1.46d). In all studies, values 

were expressed as mean ± SEM. 

4.2.16 Matrigel assay 

Co-cultured colony cells (5x104) and IMECs (1x104) were resuspended in DMEM 

(Cellgro, 10-017-CV) and mixed with Matrigel (BD Biosciences, 354248) at the ratio of 

1:1 by volume. The mixture was injected s.c. on the flank of nude mice. As control, 

DMEM was mixed with Matrigel and injected on the other side of the flank. Animals 

were sacrificed at day 7 post-injection and Matrigel implants were dissected out. The 

implants were fixed and processed as regular histological tissue. Matrigel sections were 

immunostained for anti-MECA-32 (Santa Cruz, sc-19603) and anti-DsRed (MBL, 

PM005) antibodies and scanned by a confocal microscope (Carl Zeiss, LSM710) at 

room temperature. 3-D rendering of z-stack images were acquired by Volocity software 

(Improvision). 

 

4.3 Results 

4.3.1 Endothelial cells instruct the differentiation of macrophages 
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To determine the effect of heterotypic endothelial-hematopoietic cell interactions, we 

established an in vitro co-culture system where these two types of cells could engage in 

direct contact and the impact could be investigated over time at both cellular and 

molecular level. Liver sinusoidal endothelial cells from Immortomice® (IMECs) were 

used to support the growth of hematopoietic cells (HCs) isolated from the bone marrow 

of DsRed mice (Figure 1A). Upon co-culture, a subset of HCs transmigrated across 

endothelium, took residence under the endothelial monolayer and formed colonies that 

were visible under the fluorescent microscope five days post co-culture. The number 

and size of the colonies expanded quickly (Figure 1B). Cells comprising the colonies 

were evaluated by cytospin. These cells were morphologically homogeneous when 

compared to the original mixture of the bone marrow cells (Figure 1C). Further 

characterization revealed that the large majority of these cells were positive for F4/80 

and Mac-1 (Figure 1D), markers for the macrophage lineage. Cells within the colonies 

were engaged in active proliferation, as shown by BrdU incorporation analysis (Figure 

1E). Colony cells were also able to endocytose Dil-Ac-LDL providing further support to 

the macrophage identity of these cells (Figure 1F). Adult endothelial cells isolated from 

lung and adipose tissue were also able to induce and support macrophage 

differentiation (Figure S1C,D). Emergence of colonies did not occur when bone marrow 

was cultured alone or in the presence of OP9 stromal cells (Figure S2A,B).  

4.3.2 Endothelial cell contact is essential for the emergence and maintenance of 

macrophage colonies  

Given the intimate association between the endothelium and the colonies (Figure 2A,B), 

we next investigated whether the emergence and maintenance of the colonies were 
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dependent on the physical contact with endothelium. Ultrastructural analysis confirmed 

the physical association between IMECs and colony cells (Figure 2C). Careful removal 

(peeling) of the endothelial monolayer from cultures containing colonies resulted in 

quick disaggregation of underlying colonies within 24 hours (Figure 2D). Furthermore, 

co-cultures using transwells, which prevent cell-cell contact but enable exchange of 

secreted factors, did not support the growth of colonies, revealing that colony formation 

required direct contact with the endothelium (Figure 2E). Through modification of the 

transwell assay whereby minimal contact with the endothelium was enabled, we further 

determined that contact with endothelial cell processes was sufficient to elicit 

organization of colonies (Figure S2C). Several cell adhesion molecules were 

significantly expressed in both cell types. We found that VCAM1 and VE-Cadherin were 

present in colony macrophages with low but detectable levels of ICAM1 (Figure 2F, 

Figure S2D). Interestingly, contact with bone marrow cells induced an up-regulation of 

ICAM1 and VE-Cadherin in the endothelial monolayer (Figure 2G).  

4.3.3 CSF1 signaling is critical for the expansion but not for the initiation of 

macrophage colonies 

Macrophage colony-stimulating factor (MCSF, or CSF1) is a chemokine shown to 

stimulate proliferation, differentiation and survival of macrophages (reviewed by Auffray 

et al., 2009). To determine whether it plays a role in endothelial-induced colony 

formation, we first determined transcriptional levels of both secreted and membrane-

bound forms of Csf1 in co-cultured IMECs. Interestingly, membrane-bound Csf1, the 

less dominant isoform, was prevalent in IMECs (Figure 3A). Transcripts for the Csf1 

receptor (Csf1r) were highly expressed by colony macrophages with the peak at day 21, 



69 

time of maximal expansion of the colonies (Figure 3B). Expression of Csf1r in the 

macrophage colonies was also confirmed by immunostaining (Figure 3C) and flow 

cytometry (Figure S3A,B).   

To further ascertain the functional contribution of CSF1 in the formation and 

expansion of the colonies, we applied a CSF1R exclusive inhibitor, GW2580, to the co-

cultures. GW2580 is a selective small molecule kinase inhibitor that was shown to 

completely prevent CSF1R-dependent growth of macrophages in vitro and in vivo at 

therapeutically relevant doses (Conway et al., 2005). Exposure to GW2580 (2!M) from 

the onset of the co-culture drastically impaired colony formation (Figure 3D,E). Small 

colonies were present in GW2580-treated culture, but these never expanded. 

Evaluation with propidium iodide indicated an increase in the early-apoptotic and dead 

cells upon treatment (Figure 3F,G) and an alteration in cell cycle (Figure S3C). 

Together, these findings demonstrate that the CSF1 pathway is certainly involved in the 

expansion and the survival of the colonies. However, blockage of CSF1 pathway does 

not alter the initiation of the macrophage differentiation program, as the percentage of 

F4/80+ cells was unaltered upon the exposure to GW2580 albeit the colony size was 

much smaller (data not shown).  

4.3.4 Macrophages in colonies are polarized towards the M2 subtype and 

express high levels of VEGFA 

Th1 (e.g., LPS and IFN-γ) and Th2 (e.g., IL-4, IL-13, and IL-10) cytokines can 

differentially polarize macrophages to M1 (or classically activated) or M2 (or 

alternatively activated) phenotype, respectively. M1-polarized macrophages produce 

high levels of IL-1β, IL-12, IL-23, TNFα and CXCL10, and are markedly pro-
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inflammatory and angiostatic, whereas M2 macrophages secrete IL-10, CCL17 and 

CCL22, which are known to promote tissue repair and angiogenesis (reviewed by 

Gordon, 2003; Mosser, 2003; Mantovani et al., 2004).  

To determine whether the polarization of macrophages occurs in the colonies, we 

evaluated levels of MHCII, a phenotypic marker for inflammatory/M1-polarized 

macrophages. Flow cytometric overlay graphs at progressive time points of co-cultures 

showed a continuous reduction of MHCII expression on colony macrophages (Figure 

4A) indicating that the colony macrophages were not M1-polarized. 

To evaluate M2-associated markers, we first determined Tie2 levels. Tie2, a 

tyrosine kinase receptor for angiopoietin, is also considered to be a marker associated 

with M2-like, proangiogenic macrophages in tumors (De Palma et al., 2005; Mazzieri et 

al., 2011). Interestingly, the expression of Tie2 rose significantly in colony macrophages 

over time (Figure 4B), suggesting that the endothelial-induced macrophages were 

polarized towards the M2 fate.  

Additional transcripts associated with M1 and M2 polarization were measured. 

We consistently found that colony macrophages expressed high levels of M2 markers, 

Arg1, CD206/Mrc1 and CD36. In contrast, levels for IL-12, IL-1β and Tnfα (M1 markers) 

were not detectable in these macrophages (Figure 4C). Additional phenotypic markers 

for M1 and M2-associated markers were examined by flow cytometry (Figure S4A-C). 

Combined, the data indicate that the colony macrophages were M2 polarized, which is 

also confirmed by microarray data (GSE39660) (Figure S5A-D). We were also able to 

detect M2-like macrophages in the supernatant of the co-cultures (Figure S4D,E). We 

further found that the macrophages expressed high levels of Vegfa (Figure 4D), which 
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may explain why the endothelial monolayer is able to be retained under the co-culture 

conditions for longer periods of time (up to two months), compared to in the absence of 

the co-culture (one to two weeks). 

We further confirmed the M2-like polarization of macrophages by 

immunofluorescence and noticed a hierarchical organization within the colonies. 

Expression of the pan-macrophage marker F4/80 was concentrated in the center of the 

colonies; while levels of CD206/Mrc1 were gradually increased towards the periphery of 

the colony (Figure 4E). This indicates that maturation towards an M2-skewed phenotype 

occurred as the cells migrated towards the edge of the colony. 

4.3.5 Endothelial cells induce M2-like macrophage differentiation regardless of 

the developmental stage of the initiating myeloid progenitor  

To identify the progenitor cell that could induce the generation of the M2-like 

macrophages upon contact with the endothelium, we sorted HSPCs (hematopoietic 

stem/progenitor cells); G/CMPs (granulocyte-macrophage and common myeloid 

progenitors) and MEPs (megakaryocyte-erythroid progenitors) from whole bone marrow 

and proceeded to test their ability to generate colonies upon co-culture with endothelial 

cells. These three populations were sorted based on lineage markers, c-Kit, Sca1 and 

CD34 expression (Figure S6A). We found that all of the progenitor populations were 

able to generate colonies upon co-culture, but at different times. Colonies from MEP 

culture emerged first at day 7, followed by G/CMP at day 14. Co-cultures with HSPCs 

were the last to show emergence of colonies, at day 25 (Figure 5A).  

Although unsorted bone marrow gave rise to the highest number of colonies 

(Figure S6D), normalization to the original number of seeded cells revealed that HSPCs 
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had the greatest fold of expansion (Figure 5B). The findings imply that upon contact with 

endothelium, HSPCs were able to survive, self-renew and further differentiate into the 

M2-like subtype more effectively than other progenitors. These results also showed that 

the adult endothelium is able to directly program the differentiation of macrophages from 

any hematopoietic progenitors. Similar to the effect of Csf1r inhibition on whole bone 

marrow, GW2580 also impaired the expansion of colony cells from all progenitors (data 

not shown).   

Evaluation of transcripts and immunofluorescence for M2-associated markers 

confirmed that the colony macrophages emerging from the co-culture with each 

progenitor population were also alternatively activated (Figure 5C,D). This suggested 

that IMECs were able to support M2-like macrophage colony differentiation from all 

hematopoietic progenitors.  

We also demonstrated that the colonies could be promptly induced from CD45+ 

cells rather than CD45- cells. Surprisingly, Gr-1+/Mac-1+ cells were not able to induce 

colony formation upon co-culture, yet the Gr-1- population was able to generate 

macrophages upon exposure to endothelial cells (Figure S6B,C).  

4.3.6 Macrophages from colonies promote tumor growth and angiogenesis 

Tumor associated macrophages (TAMs) have been generally considered as M2-

polarized (Mazzieri et al., 2011). These cells have been shown to promote tumor growth 

and angiogenesis (De Palma et al., 2005; Mazzieri et al., 2011). In order to test whether 

the colony macrophages could function as M2 macrophages in the tumor 

microenvironment, we co-injected these cells together with RM1 cells (murine prostate 



73 

caner cells) into wild type C57BL/6 mice. Resulting subcutaneous tumors were palpable 

by six days post-injection and reached terminal point around day 12.  

Tumors injected with colony macrophages exhibited faster growth kinetics when 

compared to the control group. While tumors from both groups were similar by day 7, 

the tumors co-injected with macrophages showed higher tumor volume at subsequent 

time points (Figure 6A). The pro-angiogenic function of colony macrophages in the 

tumors was also evaluated. CD31 staining revealed greater vascular density in the 

tumors that were injected with colony macrophages (Figure 6B,C). Quantification of the 

vascular area and vessel numbers also supported the pro-angiogenic role of these 

macrophages in vivo (Figure 6D,E).  

The association of colony macrophages with capillaries was clearly noted in 

matrigel assays. Macrophages isolated from the co-cultures were co-injected with 

IMECs in matrigel plugs. After 7 days, vascular networks were found highly decorated 

with macrophages (Figure 6F) simulating the intimate interaction between macrophages 

and blood vessels described in vivo (reviewed by Ruhrberg and De Palma, 2010) 

 

4.4 Discussion 

In the last decade, interactions between endothelial cells and macrophages have been 

characterized in detail and their biological consequences have started to be understood. 

Yet, as we gain further appreciation of the physical and functional relationships between 

macrophages and endothelial cells, additional questions arise. In particular: How do 

these interactions take place and what are the relevant molecular players? How and 
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when does macrophage polarization occur? And does proliferation/expansion of 

macrophages take place in situ or does it require individual cell recruitment and 

differentiation? The work presented here demonstrates that endothelial cells can 

provide a selective niche for the differentiation and functional polarization of M2-like 

macrophages. We found that several types of adult endothelial cells shared this 

capacity and that endothelial-mediated macrophage differentiation could be triggered in 

hematopoietic progenitors at several stages of developmental progression. The growth-

mediated properties imparted by endothelial cells were greatly dependent on their ability 

to activate CSF1R through production of CSF1. In turn, colony macrophages increased 

the stability of endothelial cell monolayers and provided a local source of VEGFA. We 

also found that macrophage colonies were M2-polarized and that the colonies exhibited 

a well-organized structure with poorly differentiated cells in the center and M2-polarized 

cells in the periphery (Figure 6G). More importantly, these endothelial-induced 

macrophages were able to associate with blood vessels and promote angiogenesis and 

tumor growth similarly to M2-like macrophages in vivo. These findings imply that the 

differentiation of macrophages, particularly M2-polarized cells such as TEMs, might be 

mediated by cell-cell interactions with the endothelium as these cells extravasate and 

gain residence in the vessel wall. Such instructive role of the vascular niche in 

promoting macrophage differentiation toward an M2-like, pro-angiogenic phenotype 

may well explain the reported association of Tie2+CD206/Mrc1+ TEMs with tumors 

blood vessels (De Palma et al., 2005; Mazzieri et al., 2011).  

The recent realization that the diversity of macrophage phenotypes also impacts 

their interaction and functional relationship with the endothelium has resolved some 
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ongoing controversies (reviewed by Lamagna et al., 2006). In particular, there is 

increasing evidence that M1-like macrophages have angiostatic properties and do not 

necessarily associate with vessels. In contrast, M2-like macrophages tightly associate 

with endothelial cells and promote angiogenesis (reviewed by Ruhrberg and De Palma, 

2010). In this context, our findings that endothelial cells could effectively induce 

macrophage differentiation and M2-like polarization in vitro is consistent with a 

productive and symbiotic relationship between these two cell types. The present studies 

now raise the question as to whether endothelial contact is largely (or solely) 

responsible for the induction of the M2 phenotype, while the M1 phenotype might be 

induced by different cells or through distinct mechanisms. Furthermore, if vessel-

associated M2 macrophages continuously promote angiogenesis, what is the 

counteracting factor that inhibits the abnormal angiogenic response? Also, it is 

unknown, at present, whether these macrophages are constitutively associated with the 

vasculature or only recruited by the endothelium under pathological settings. If 

constitutively associated, are they inactive in their pro-angiogenic capacity during 

normal conditions? 

Our understanding of macrophage heterogeneity is only rudimentary. The topic 

has been on the spotlight because of the widely diverse and important effects that each 

different subset of macrophages has on autoimmune disorders, microbial infections and 

cancer (reviewed by Allavena et al., 2008; Martinez et al., 2008; Sica et al., 2008). The 

initial inflammatory response is typically conducted by classically activated (M1-like) 

macrophages (Martinez et al., 2008). In contrast, the resolution phase is driven by 

alternatively activated (M2-like) macrophages. The latter are known to be 
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hyporesponsive to inflammatory stimuli, to drive tissue remodeling, promote wound 

healing, and accelerate angiogenesis (reviewed by Ruhrberg and De Palma, 2010). 

Previous studies have shown that M2 polarization can be induced by specific cytokines 

and exposure of adherent macrophages to IL4 (Munder et al., 1998; Raes et al., 2002; 

nair et al., 2003). Our findings indicate that direct contact with the endothelium was 

necessary and sufficient for the induction of macrophage colonies and M2-like 

polarization; therefore it is unlikely that in this setting secreted factors alone would be 

sufficient. Instead, our findings demonstrate that endothelial cell contact is essential to 

initiate, support and maintain M2-like macrophage colonies. Nonetheless, the identity of 

the cell adhesion molecules that drive the process is still unclear and subject to current 

investigations.  

Cell surface interactions between endothelial and hematopoietic cells play 

essential roles in immune function and homeostasis (reviewed by Ley et al., 2007). In 

fact, heterotypic molecular activation plays a pivotal role in hematopoietic homing and in 

the inflammatory response. More recently endothelial cells have been proposed to 

constitute the bone marrow niche and support stem cell maintenance; as well as to 

regulate their differentiation (Heissig et al., 2002; Butler et al., 2010; Kobayashi et al., 

2010; Kiel et al., 2005; Ding et al., 2012). While soluble factors have been shown to 

promote hematopoietic stem cells (HSCs), a rapid attrition is shown to occur in cell-free 

cultures (Vamum-Finney et al., 2000; Antonchuk et al., 2002; Krosl et al., 2003; Willert 

et al., 2003; Zhang et al., 2006). On the other hand, the direct interaction of HSCs with 

stroma, and in particularly with endothelial cells has shown to be necessary to support 

long-term self-renewal and maintenance of these hematopoietic progenitors (Yildirim et 



77 

al., 2005; Freund et al., 2006; Wagner et al., 2007; Alakel et al., 2009) and more 

recently of HSCs (Butler et al., 2010). Consistent with the latter, our data provided solid 

evidence to support that endothelial cells were able to capture, retain and regulate the 

differentiation of macrophages through direct cell contact.      

Our findings also indicate that in addition to cell contact, CSF1 is required for the 

expansion of the macrophage colonies. CSF1 is a key cytokine to support the 

differentiation of expansion of monocyte lineages. Deletion of Csf1 in mice (op/op 

mutant) greatly reduces the number of monocytes (Cecchini et al., 1994); interestingly, 

macrophages are still present in various organs of op/op mice, such as liver, lung, and 

brain (Witmer-Pack et al., 1993). This has provoked the speculation as to the presence 

of alternative factors that could partially compensate for the crucial role of Csf1 in 

macrophage formation. In our study, the administration of GW2580, a small molecule 

that blocks CSF1R function, significantly reduced the expansion of macrophage 

colonies but did not inhibit their formation. Together the findings indicate that CSF1 is 

necessary for robust proliferation of macrophages but it does not appear to affect the 

process of differentiation.  

The question as to whether macrophages proliferate while at the tissue of 

residence or are terminally differentiated without proliferative capacity has been subject 

to discussion. Several studies have provided support to the concept that tissue-resident 

macrophages proliferate locally (Chorro et al., 2009; Davies et al., 2011; Jenkins et al., 

2011). In particular, a recent manuscript has demonstrated that in response to IL-4, 

macrophages can replicate in situ in the absence of recruitment from the hematopoietic 

pool (Jenkins et al., 2011). Interestingly, this is the same cytokine known to promote 
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polarization towards the M2-like phenotype. Along these lines, the co-culture system 

described here shows that endothelial-induced M2-like macrophages had proliferative 

capacity. 

Finally, the actual source of macrophages is also an interesting puzzle. While 

macrophages are believed to differentiate directly from monocytes during (or shortly 

after) extravasation from the blood stream, macrophages do exist in the embryo prior to 

the production of monocytes in the fetal liver (Pucci et al., 2009). This opens the 

argument: What is the origin of these macrophages? Can other progenitors give rise to 

macrophages? Is this only developmental or can it occur in adult settings? And can 

macrophage differentiation be ‘programmed’ by the surrounding cells, particularly 

endothelial cells, on angiogenic sites? In this study, we have shown that in fact, 

monocytes (Gr-1+/Mac-1+) are not largely responsible for the formation of M2-polarized 

macrophage colonies; but rather, other progenitors at prior stages of differentiation gave 

rise to macrophage colonies when in contact with endothelium.   
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Figure 2. Direct contact with the endothelium is required for the formation and 
maintenance of macrophage colonies. A) Schematic representation of the colonies 
as they take residence under the endothelial monolayer. B) Confocal 3D reconstruction 
of the DsRed colonies (arrow) growing underneath the IMEC layer. Composite x-y 
sections and a single z-section are shown. Scale bar, 50 μm. C) Ultrastructural analysis 
of cells co-cultured for 28 days by transmission electron microscopy. Bottom, magnified 
micrograph reveals direct contact (arrows) between the two cell types. EC, endothelial 
cell. Mϕ, macrophage-like cell. Scale bar, 4 μm. D) Colonies disaggregate (arrow) after 
the removal of IMEC layer for one day, depicted by phase contrast and fluorescent 
micrographs (left). Colonies with IMECs were maintained (right). Scale bar, 200 μm. E) 
Colonies failed to form via transwells. Left, co-cultures of HCs and IMECs separated by 
the transwell (0.4 μm pore size). Middle, co-cultures through direct contact. Arrows 
indicate colonies. Right, quantification of colony number at day 10 of co-culture. n=3. 
Scale bar, 200 μm. F) Real time PCR quantification of ICAM1, VCAM1 and VE-
Cadherin in colonies. Ctrl, bone marrow-derived macrophages with 5 ng/ml IL-4 
stimulated for 24 hours. n=6. G) Corresponding cell adhesion molecules (CAMs) 
expression in IMECs. Ctrl, IMECs in the absence of co-culture. n=6. *, p<0.05; **, 
p<0.01; ***, p<0.001 (unpaired Student’s t test).  
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Figure 5. IMECs support macrophage differentiation from hematopoietic 
progenitors. A) Schematic representation of hematopoietic progenitors evaluated and 
the time of emergence of macrophage colonies (right). HSPC, hematopoietic stem/ 
progenitor cell; G/CMP, granulocyte-macrophage and common myeloid progenitor; 
MEP, megakaryocyte-erythroid progenitor. Arrow, colony. Scale bar, 200 μm. B) Colony 
cell number at day 28 of co-cultures was normalized to the initial number of progenitor 
cells plated. n=6. C) Colony cells from all progenitors moderately display M2 
macrophage markers but lack M1 markers. Ctrl, colony cells from the co-culture of 
whole bone marrow (WBM) cells and IMECs. n=6. D) Colonies from all progenitors 
expressed CD206/Mrc1 (M2 macrophage marker, green) and F4/80 (pan macrophage 
marker, red). Colonies shown are from d14 co-culture. DAPI, staining for nucleus (blue). 
Scale bar, 100 μm.  
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Figure 6. Macrophages derived from co-culture promote tumor growth and 
angiogenesis. A) Colony cells promote tumor growth in wild-type C57BL/6 mice. Mice 
were injected with RM1 tumor cells (1x105) alone or with colony cells (1x104). n=3~5. B) 
Representative pictures of tumor sections stained for CD31 (red). Tumors that were co-
injected with colony cells showed a higher vascular density. Arrowhead, representative 
vessel. DAPI, staining for nuclei (blue). Scale bar, 100 μm. C) Quantification 
(percentage) of vascular area in tumor sections shown in (B). n=3. D) Quantification of 
vessel area in tumor sections from indicated days. n=3. E) Quantification of vessel 
number in tumor sections from indicated days. n=3. F) Immunolabeling (a,b) and 3D 
surface rendering (a’,b’) of colony cells (DsRed) and vessels (MECA, green) after 
colony cells and IMECs were injected with matrigel for 7 days. Colony cell (arrowhead) 
is bridging two endothelial cells. Scale bar, 50 μm. G) Model of IMEC-induced M2 
macrophage differentiation. *, p<0.05; **, p<0.01 (unpaired Student’s t test).   
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Figure S2. Direct contact with endothelium is required for the formation and 
maintenance of macrophage colonies. A) Phase contrast and fluorescence 
micrographs demonstrate that colonies are not formed when bone marrow cells are 
cultured in the absence of endothelial cells (ECs). Scale bar, 200 "m. B) Phase contrast 
and fluorescence micrographs reveal that colonies failed to form when co-culture bone 
marrow cells with OP9 stromal cells. Scale bar, 200 "m. C) Phase contrast and 
fluorescence micrographs of co-cultures with transwells (3.0 "m pore size, left), which 
enable minimum heterotypic contact between ECs and HCs, and transwells (0.4 "m 
pore size, middle) that prevent direct cell contact. Colonies (arrows) only formed under 
the former condition. HC, hematopoietic cell. Scale bar, 200 "m. Right, Quantification of 
colony number from day 14 co-culture. n=3. D) Real time PCR quantification of ICAM1, 
VCAM1 and VE-Cadherin expression on M1 and M2 macrophages. M1, bone marrow 
derived macrophages stimulated with 50 ng/ml LPS for 24 hours. M2, bone marrow 
derived macrophages stimulated with 5 ng/ml IL-4 for 24 hours. n=6. **, p< 0.01 
(unpaired Student’s t test).  
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Figure S4. Endothelial cells induce M2 macrophage polarization. A) Representative 
contour graph and histogram show the expression of CD36 on colony cells from D14 
co-culture by flow cytometry analysis. Ctrl, rat IgG. B) Representative contour graph and 
histogram demonstrate the expression of CD206 on colony cells from D14 co-culture by 
flow cytometry analysis. Ctrl, rat IgG. C) Representative contour graph and histogram 
present the expression of iNOS on colony cells from D14 co-culture by flow cytometry 
analysis. Ctrl, rat IgG. D) Quantification of F4/80+/Mac-1+ cells in the supernatant of co-
cultures. n=3. E) Real-time PCR analysis for the transcripts of M1 and M2 markers in 
the cells obtained from the supernatant of co-cultures. Ctrl, bone marrow-derived 
macrophages stimulated with 50 ng/ml LPS (control for M1) or with 5 ng/ml IL-4 (control 
for M2) for 24 hours. n=6.    
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Figure S6. IMECs support macrophage differentiation from hematopoietic 
progenitors. A) FACS scheme used for the sorting of progenitors. B) Fluorescence 
micrographs depict the failure of colony formation in co-cultures of IMECs with Gr-
1+/Mac-1+ HCs (left). In contrast, Gr-1- cells were able to give rise to colonies (right, 
arrow). HC, hematopoietic cell. Scale bar, 200 "m. C) Fluorescence micrographs show 
colonies emerging from CD45+ HCs co-cultures (arrows); in contrast to lack of colonies 
from co-cultures with CD45- HCs (right). HC, hematopoietic cell. Scale bar, 200 "m. D) 
Total colony cell count from indicated co-cultures. n=6.  
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5.1 Introduction 

Macrophages, derived from circulating monocytes, are scavenger cells that provide 

support and contribute to the innate immune system. They can ingest dead cells and 

bacteria (endocytosis), and clean up cellular debris and other harmful particles 

(reviewed by Ryter, 1985; Geissmann et al., 2010). While some macrophages are short 

lived, particularly those recruited during chronic inflammatory events, resident 

macrophages are long-lived, specialized cells that are part of the cellular constituency of 

every tissue. They are abundant in the lung (alveolar macrophages, or dust cells) and 

peritoneal cavity, but can be also found in the spleen, adipose tissue and in the 

mucosae of all organs. In certain organs, such as the liver (Kupffer cells) and brain 

(microglia) they have received specific names due to their distinct differentiation and 

functionality within those organs (reviewed by Takahashi, 2001).  

We have shown in the previous chapter that endothelial cells (ECs) provide a 

specific niche for the proliferation and differentiation of macrophages in culture (He et 

al., 2012). This work has opened many questions, such as whether such function is also 

present in vivo and if so, what is the functional relationship between macrophages and 

ECs in this setting? Using high definition imaging techniques, several groups have been 

able to image and record the direct contact between macrophages and vessels. Al-

Roubaie and colleagues (2012) observed that macrophages were mostly stationary but 

able to be recruited to the site of vascular remodeling. Gray and colleagues (2011) 

using intravital imaging revealed that endothelial contact is associated with faster 

macrophage migration, although macrophage movement is still more slowly than 

neutrophils. One more recent study focusing on pericytes has demonstrated that 
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macrophages can obtain a pattern-recognition program through the instruction of 

pericytes on the vessel (Stark et al., 2013). These data imply that macrophages are 

physically and functionally associated with vessels in vivo. 

Given the close contact between macrophages and ECs, it can be speculated 

that the consequences of their interactions are likely reciprocal. In fact, studies have 

shown that during development, macrophages mediate anastomosis of adjacent 

capillaries to facilitate vascular network formation (Fantin et al., 2010). Outtz et al. 

(2011) suggested that this process is mediated by Notch signaling in macrophages 

because Notch1 depleted macrophages failed to localize to the leading edge of the 

vascular plexus and as a consequence, the anastomose process was inhibited. In 

carcinogenesis, Tie2-expressing macrophages (TEMs) play a crucial role in tumor 

angiogenesis. Depletion of TEMs significantly reduced tumor vasculature density (De 

Palma et al., 2005). Kubota et al. (2009) demonstrated that M-CSF (macrophage 

colony-stimulating factor) deficiency resulted in defects in vascular and lymphatic 

development due to reduced abundance of macrophages, and that M-CSF was required 

for pathological neovascularization. Collectively, there studies uncovered the role of 

macrophages in angiogenesis during development and in pathological settings.  

The function of macrophages on vessels under homeostatic conditions has not 

been well studied. One of the main roles of endothelial cells is to provide a selective 

barrier between the blood stream and tissues and this is controlled through: 1) 

transcellular transport; 2) intercellular junctions; 3) heterotypic cell associations 

(reviewed by Goddard and Iruela-Arispe, 2013). Transcellular permeability is mostly 

achieved through endocytosis and vesicular trafficking (Mehta and Malik, 2006); 
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whereas intercellular (or paracellular) permeability is controlled by the stability of cell-

cell adherent junctions. The adherent junctions are formed by the assembly or highly 

organized structures that include: VE-cadherin, b-catenin, p120-catenin, and a-catenin 

(reviewed by Dejana et al., 2008; Harris and Nelson, 2010). However, these two 

pathways are interconnected since many permeability-increasing agents enhance 

vesicular transport and also disrupt the integrity of EC junctions (reviewed by Dejana, 

2004; Weis and Cheresh, 2005).  

Common permeability factors include vascular endothelial growth factor (VEGF) 

and inflammatory mediators such as thrombin and bradykinin. Thrombin signals through 

the receptor, PAR-1, and ultimately promotes intracellular calcium release and RhoA-

dependent cell contraction (reviewed by Thennes and Mehta, 2012). Bradykinin, on the 

other hand, acts through B1 and B2 receptors, leading to an eNOS/iNOS dependent 

increase in permeability (reviewed by Chavez et al., 2011). Nevertheless, VEGF works 

through more complex mechanisms that include both transcellular and intercellular 

pathways (reviewed by Weis and Cheresh, 2005). 

It was until recently that mural cells, especially pericytes, were proved to be an 

important contributor to the regulation of vascular permeability. Using pericyte-deficient 

mice Armulik and colleagues (2011) discovered that the blood-brain barrier (BBB) 

permeability is controlled by pericytes through regulation of specific gene expression in 

ECs and through inducing polarization of astrocytes surrounding vessels. However, the 

authors have also pointed out that the pericyte definition and identification is still under 

debate (reviewed by Armulik et al., 2011). Due to their periendothelial location, pericytes 

are frequently confused with vascular smooth muscle cells, fibroblasts or macrophages. 
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Therefore, a clear molecular and functional characterization of periendothelial cells has 

become imperative. 

In current study, we have focused on the potential effect of macrophages in the 

regulation of vascular permeability. Through confocal imaging we were able to observe 

the specific association between tissue resident macrophages and vessels. Live 

imaging data demonstrated an increase of permeability when macrophage population 

was depleted and such increase was further enhanced when challenged with VEGF or 

bradykinin. We also noticed a correlation between macrophage motility and 

permeability. Moreover, in vivo reconstitution of macrophages was able to rescue the 

disrupted vessel barrier. Finally, in vitro permeability assays indicated that M2-like 

macrophages could protect vascular barrier; whereas M1-like macrophages led to the 

barrier disruption. These findings indicate that macrophages could contribute to the 

homeostatic regulation of vessel permeability in adulthood.  

 

5.2 Materials and methods 

5.2.1 Mice 

Wild type (C57BL/6J) mice and nude mice were purchased from The Jackson 

Laboratory. Animal protocols were conducted in accordance with UCLA Department of 

Laboratory Animal Medicine’s Animal Research Committee guidelines. 

5.2.2 Cell culture 

Bone marrow cells were isolated from wild type animal as previously described (He et 

al., 2012). Cells were suspended in macrophage medium (alpha-MEM (Gibco) with 10% 
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fetal bovine serum (Omega Sci., Inc) and M-CSF (Peprotech)) and plated for 7 days 

with medium change on day 3. Bone marrow macrophages were then used for 

experiment. Immortal bone marrow macrophages were a gift from Dr. De Palma (EPFL, 

Switzerland). Immortal endothelial cells were cultured as previously described (He et al., 

2012).  

5.2.3 Immunofluorescent staining and confocal microscopy 

Intestine was dissociated from animal and fixed with 2% PFA for 6 hours. Samples were 

washed thoroughly and mesentery was cut into 0.2-0.5 cm fragments and stored in PBS 

before staining. Immunofluorescent labeling followed standard procedures. Briefly, 

fragments from mesentery were permeabilized in 0.3% triton-X (Sigma) in PBS for 5 

min and then blocked in PBST (0.05% tween20 in PBS) for 20 min. Primary antibodies 

were applied for 30 min, including anti-mouse F4/80 (Serotech), anti-mouse Mrc1 

(Santa Cruz), anti-mouse CD11b (BD Biosciences) and anti-mouse NG2 (Millipore). 

DAPI (Invitrogen) was used to stain nuclei. Confocal microscope (LSM710, Carl Zeiss) 

was used for acquisition at room temperature.   

5.2.4 Flow cytometry 

Mesenteric cells were dissociated using collagenase (Gibco) and incubated at 37°C for 

45 min. The digested tissue solution were passed through 40μm filter (BD Biosciences) 

and spun down at 250Xg for 5 min. Single cells were then resuspended in FACS buffer 

(HBSS (Cellgro) with 2% FBS (Omega Sci., Inc) and 10mM HEPES (Gibco, 15630)). 

Antibodies used were APC-eFluor780-F4/80 (eBioscience), FITC-Mac-1 (eBioscience), 

biotin-CD206 (Biolegend) and mouse anti-NG2 (Millipore). Secondary antibodies used 

were 488-Streptoavidin (Invitrogen) and 488-anti mouse (Invitrogen). LSRII Analytic 
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Flow Cytometer (BD Biosciences) was used for acquisition. Data were analyzed with 

FlowJo (Tree Star, Inc.).  

5.2.5 Ear imaging preparation  

8-12 weeks old nude male mice were used in all experiments. The protocol was 

adapted from previous published data (Kilarski et al., 2013). Two days before the 

experiment, dorsal skin of mouse ears received two injections, 5 μl each of either 

clodronate liposomes (5 mg/ml; Clodronate Liposomes, Netherlands) or PBS liposomes 

(ClodronateLiposomes, Netherlands). Surgical procedures and live imaging were 

performed using a fluorescence stereomicroscope with a motorized stage (M250 FA, 

Leica Microsystems CMS GmbH, Wetzlar, Germany) equipped with a 1x lens (linear 

system magnification from 7.5x to 160x) or 2x lens (linear system magnification from 

15.6x to 320x), with a resolution range between 7.89 μm (at 15.6x magnification) and 

0.95 μm (at 320x magnification), respectively. Images were collected using a DFC 350 

FX camera controlled by LAS AF software (both from Leica, Germany). Mice 

temperature was monitored and controlled throughout the experiment with the DC 

Temperature Control System (FHC Inc., Bowdoin, MA, USA).  

 On the day of the experiment mice were anesthetized with ketamine/dorbene 

(75mg/kg/1mg/kg) and dorsal ear skin was surgically exposed as described (Kilarski, 

Güç et al. 2013). Briefly, the ventral skin of the ear was cut along the antihelix of the 

mouse pinna, followed by separation of cartilage and muscle using the blunt edge of a 

scalpel. Two additional 1-mm cuts were made at the edge of the ear to prime the 

separation of the ventral and dorsal parts. The ventral skin and cartilage were then 

gently pulled apart with curved forceps to separate the ventral and dorsal skin, exposing 



108 

the dermis at the posterior and midsections of the ear and the hypodermis at the 

anterior side. The side corners of the exposed dorsal ear dermis were glued to the 

supporting glass slide and ears were stained for 15 minutes for collagen IV and CD206 

with biotinylated rabbit anti-collagen type IV (Abcam) and CD206-APC (Biolegend) 

antibodies, washed briefly with Ringer’s buffer (102 mM NaCl, 5 mM KCl, 2 mM CaCl2, 

28 mM sodium lactate) and incubated for additional 15 minutes with streptavidin-Pacific 

Blue (Invitrogen). Primary antibodies and streptavidin-Pacific Blue were mixed in 

Ringer’s buffer supplemented with 125 IU/ml (2.5 mg/ml) aprotinin (aprotinin-Ringer) 

and kept at 4°C before being pipetted onto the exposed ear dermis. Then, 200 μl of 10 

mg/ml 155 kDa TRITC-dextran (Invitrogen, USA) was injected intravenously and 6 to 8 

fields in the area where liposomes had been injected were imaged every 1 minute for 

20- 30 min. After that the blood vessel leakage was stimulated either with topical 

application of 40 μl of 5 μg/ml VEGF-165 (Peprotech, USA) in PBS or intravenous 

injection of 50 μl of 4 mg/ml of bradykinin in PBS and imaging the same fields continued 

for additional 30 minutes. Quantification of the leakage was analyzed using Leica LAS 

AF software. The experiments were repeated with 3- 6 mice. 

5.2.6 Macrophage motility analysis 

Time-stacks were acquired as described in ‘Ear imaging preparation’ section. This 

allows the recording of vessels and cells in two distinct fluorescent channels (in the 

following these two channels will be referred as “vessel-channel” and “cell-channel”). An 

automatic registration of each time-stack was performed using the ImageJ plugin 

“StackReg” (Thévenaz et al., 1998) in order to correct for drift due to animal movement 

during the acquisition. The image was cropped in order to avoid “edge effects” (black 
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area) due to registration. Two different methods were applied, named “global” and 

“frame by frame” analysis in the following. 

For the “global” analysis, projections of time-stacks were made in order to identify 

the vessel vicinity and then measure the cell movement in this area. Therefore the 

vessel was delimitated by performing a projection calculating the sum of the time-stack 

(“Sum-projection”). This projection was thresholded using an automatic algorithm (*) to 

create a binary mask (“AutoTh”). Alternatively in case of weak signal to noise ratio the 

contours of the vessel could be drawn manually.  

The mask was enlarged by 40 pixels (“Enlarge”) and the area between the 

original and the enlarged mask was created using the XOR operation (“Xor(AutoTh, 

Enlarge)”). In order to measure the cell movement, an average (“AVG”) and a standard 

deviation (“STD”) projection of the cell-channel were created. The (“STD”) is indicating 

pixels changing over time and in first approximation this can be linked to the movement 

of cells. For comparison of stacks with different absolute intensities the coefficient of 

variation (“CV”) can be calculated by dividing the “STD” projection through the “AVG” 

projection. (“STD/AVG(cells)”). The multiplication of the CV image with the mask 

defining the area around the vessel is then giving a measure of mobile cells. 

For the “frame by frame measure”, frames of the cell staining were threshold 

using the “Tsai's method” (1985; Fiji, “Moments” auto threshold). Next, for each frame 

and the following one, XOR images were created (“XOR of Frame t and t+1”) and the 

area was measured (“Area (XOR of Frame t and t+1 )”). The “Area (XOR of Frame t and 

t+1)” can be normalized by the average of the areas of each frame and the following 
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one (“Average ( Area (Frame t) , Area (Frame t+1) )”). This measures the different pixels 

between two consecutives frames. 

(*) Details of the automatic algorithm: Briefly, the automatic algorithm was as follow: i) apply a 

“Kittler and Illingworth's Minimum Error thresholding method” (1986; Fiji,  “MinError” auto 

threshold) on the entire image, ii) get the corresponding Area, iii) apply a “MinError” method on 

the image restricted to the previously detected Area, iv) get the Area_ t+1, v) calculate 

difference (Area_t  –  Area_t+1). This recursive processing continues until the difference of Area 

is below a threshold value (here, 20%). Then, the last threshold image is saved, “AutoTh”. 

5.2.7 Peritoneal macrophages depletion and reconstitution 

Clodronate and control liposomes (described in ‘Ear imaging preparation’) were injected 

by i.p. with 200ul/mouse on day1. On day3, liposomes were delivered again following 

the same method. Bone marrow derived macrophages (10e6 cells in 100ul PBS) were 

injected i.v.. 3-5 mice were used for each group. Two days after, 100ul FITC-ovalbumin 

or TRITC-dextran (both from Invitrogen, USA) were injected in each mouse. After one 

hour or time indicated, animals were sacrificed and 1ml of PBS was injected i.p. to 

recover the peritoneal macrophages and liquid in peritoneal cavity. The solution was 

then spun down from which the supernatant was taken for fluorescence intensity 

quantification and cell pellet was resuspended in FACS buffer (see ‘Flow cytometry’ 

section) for flow cytometric analysis. The fluorescence intensity was read by SAFIRE II 

(V4.62n). 

5.2.8 In vitro permeability assay 

ECIS array (8W10E+, Applied Biophysics, USA) was calibrated by the ECIS machine 

(Applied Biophysics, USA) before IMECs were added. The cells were grown at 33°C 
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until confluent. The culture was then monitored by ECIS machine at 37°C. Macrophages 

(20,000 cells) were added in each well. In case of VEGF or thrombin treatment, IMECs 

were serum starved for 5-6 hours before treated with VEGF (final concentration: 

500ng/ml) or thrombin (100U/ml). The permeability activity was recorded for 15-20 min 

and data was acquired and analyzed using ECIS software (Applied Biophysics, USA).  

 

5.3 Results 

5.3.1 Frequent association of macrophages with blood vessels under non-

pathological states 

Resident macrophages are long-lived cells that can be found at different frequencies in 

the connective tissue of different organs. To better explore the association between 

resident macrophages and blood vessels we examined, by confocal microscopy, the 

distribution and association of macrophages with mesenteric vessels. We selected the 

mesentery because of its accessibility and relative transparency. Using 3D 

reconstruction, we noted that macrophages were frequently associated with mesenteric 

vessels (Figure 1A, B). Using a cohort of macrophage and myeloid markers such as 

F4/80, Mrc1 (or CD206), or Mac1 (or CD11b) we found that these markers identified a 

similar population of cells (Figure 1C-H). These macrophages were located on the 

abluminal side of vessels and comprise about 19% of all the cells on the mesentery. To 

be noted, the morphology and location of macrophages were quite distinct from 

pericytes (Figure 1I,J). These imaging experiments revealed that under non-

pathological conditions there is a direct and frequent association between macrophages 

and endothelium. 
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5.3.2 Macrophages contribute to the endothelial barrier by reducing vascular 

permeability 

We next explored the biological relevance of the association between macrophages and 

blood vessels by selectively removing these cells and subsequently evaluate the effect 

of this removal on vascular function. Macrophages were depleted on the ear by 

intradermal clodronate liposome injection (Figure 2A). Meanwhile liposomes containing 

PBS were injected into control ears. A 70% reduction of macrophages was detected by 

flow cytometric analysis (Figure 2B). We then performed intravital imaging to monitor 

the change of vessel permeability upon macrophage depletion. A significant increase of 

permeability was detected in the macrophage-depleted ear (Figure 2C,E). To further 

examine whether such change was due to vascular permeability instead of tissue 

damage or other technical issue, we challenged the system with the permeability factor, 

VEGF. Intravital imaging was initiated 5 min after VEGF application and recorded for 15 

min. Macrophage-depleted vasculature exhibited a striking elevation in vascular leakage 

upon VEGF exposure whereas control group showed only a slight increase of 

permeability (Figure 2D,F).  

In order to determine whether the macrophage-mediated permeability is solely 

dependent on VEGF, we tested another permeability factor, bradykinin. Upon bradykinin 

injection, macrophage-depleted vessels also displayed a larger increase of permeability 

compared to control, although the change was less significant than the change 

observed upon VEGF exposure (Figure 2G). 

5.3.3 Macrophage motility is increased upon induction of vascular permeability 
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During intravital imaging, we noticed that the motility of macrophages associated with 

vessels increased when permeability was induced. Thus, we examined two aspects of 

macrophage motility: the rhythm of single cell movement and the overall cell movement 

within certain period of time. 3-5 macrophages in each movie were analyzed with the 

motility program described in materials and methods (Figure 3A,D). Briefly, the 

difference for each frame and the following were measured by area, and then 

normalized to the average of the total area. This normalized area represents the amount 

of pixels that were different between two consecutives frames. The difference of the 

positions between consecutive frames (with 1 min interval) could also be depicted by 

the heat map (Figure 3B,E). The distance of the movement between each frame was 

graphed in Figure 3C,F. The motility of macrophages with VEGF treatment was quite 

noticeable, whereas without VEGF the movement was barely detectable. To exclude 

the possibility of any arbitrary bias, we also evaluated the overall macrophage 

movement in each field within 20 min with or without VEGF. The data suggested that 

VEGF treatment induced an increase in macrophage motility (Figure 3G).  

5.3.4 Reconstitution of M2-like macrophages rescues vascular permeability 

To determine whether macrophages were mainly responsible for the permeability 

changes, we resorted to the rescue approach. Macrophages were depleted in peritoneal 

by i.p. injection of clodronate liposome following the protocol shown in Figure 4A. Flow 

cytometric analysis showed a major depletion of macrophages in the peritoneal cavity 

(Figure 4B). Subsequently, we evaluated the effect of macrophage depletion in 

peritoneal permeability. We were able to detect a faster and greater vascular leakage 

compared to control (Figure 4C). To verify that the macrophages were indeed the 
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source of the differences between the two groups we attempted reconstitution 

experiments. Specifically, macrophages derived from bone marrow were injected i.v. 

and two days after injection, peritoneal permeability was measured. A significant 

reduction of permeability was detected upon the reconstitution of macrophages (Figure 

4D), which indicated to that macrophages play an important role in the regulation of 

vascular permeability. 

5.3.5 M2-like macrophages regulate endothelial barrier 

Macrophages can be categorized into two subtypes- M1 and M2. M1 macrophages are 

involved in inflammation response whereas M2 macrophages exhibit anti-inflammatory 

properties and are immune-suppressive (reviewed by Mosser, 2003; Mantovani et al., 

2004). Therefore we decided to investigate the effect of M1 versus M2 macrophages on 

endothelial barrier function using an in vitro system.  

Electric cell-substrate impedance sensing (ECIS) device was used to measure 

the ability of current conduction across a cellular barrier. As demonstrated in Figure 5A, 

a confluent monolayer of immortal murine endothelial cells (IMECs) was plated on an 

electrode-embedded plate. Then immortalized bone marrow macrophages (IBMMs) 

were introduced into the culture. When M2-polarized IBMMs were added to the 

endothelium, the resistance increased; however, addition of M1-polarized IBMMs 

reduced the resistance, suggesting an induction of permeability (Figure 5B). 

Permeability factor, VEGF and thrombin, were supplemented respectively. M2-like 

macrophages were able to rescue the permeability induced by both mediators (Figure 

5C,D). In order to determine whether the protection of endothelial barrier was 

associated with M2- macrophages, different number of macrophages were added on 
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the top of the EC layer. A dose-dependent response of permeability was observed 

(Figure 5E). Furthermore, upon stimulus of M-CSF (or Csf1, a macrophage growth 

factor), the barrier resistance was further enhanced. However, when M-CSF pathway 

was blocked by its inhibitor, GW2580, the protection of barrier was hampered (Figure 

5F). These data indicate that M2-like macrophages are mainly responsible for the 

regulation of endothelial barrier and the prevention of permeability changes induced by 

inflammatory factors or VEGF.    

 

5.4 Discussion 

The biological consequences of the interactions between endothelial cells and 

macrophages have just started to be investigated. Given the close physical and 

functional relationships between these two types of cells, a thorough understanding of 

the biological meaning of such interaction is imperative. The questions we intended to 

ask and address in current study were: how are macrophages associated with vessels 

in vivo? What is the biological relevance of this association? And what are the molecular 

mechanisms that support such association? Our data have demonstrated that 

macrophages are frequently associated with vessels and functionally regulate vascular 

permeability. We further discovered that macrophage motility correlates well with 

vascular permeability changes and that M2-subtype of macrophages is associated with 

the protection of endothelial barrier. Functionally, we have proved that the reconstitution 

of macrophages could rescue a compromised vascular barrier in macrophage-depleted 

tissues. Therefore, this work suggests an important role of macrophages in mediating 

the homeostasis of vascular permeability.  
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The maintenance of vascular permeability has been extensively studied over the 

years.  However, the large majority of these studies have focused on either transcellular 

or intercellular pathways. How heterotypic cell interactions affect permeability is still 

under investigation. Recently, Armulik and colleagues (2011) unveiled the function of 

pericytes in regulating blood-brain barrier permeability. In this study, we have shown 

that the association of macrophages with vessels is important and the motility of 

macrophages also correlates with permeability. Moreover, we have demonstrated in 

vitro that M2-like macrophages contribute to the protection of endothelial barrier 

whereas M1-like macrophages disrupt it. This indicates an interesting distinction 

between macrophage subtypes and these differences lend themselves to speculation 

as to how they apply to the functionally opposite roles on M1 and M2 in cancer and 

other pathological conditions. However, the underlying molecular mechanism must be 

further investigated.  

VEGF and bradykinin are two common permeability agents. Their difference is 

not only in the time of EC’s response but also the location they take effect. VEGF acts 

through the abluminal side of endothelium whereas bradykinin works through the 

luminal side. Due to the different nature of these two permeability mediators, one could 

expect a distinct response by ECs. What’s more interesting is that such difference is 

further enhanced by the depletion of macrophages. The leakage upon VEGF treatment 

was much more severe than bradykinin treatment in macrophage-depleted tissue 

(Figure 2F,G), which suggests that macrophages prevent permeability mainly from the 

abluminal side. This is consistent with the confocal images we obtained (Figure 1A, C, 

E).  
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Vessel-associated macrophage movement has been reported in a handful of 

cases. Al-Roubaie and colleagues (2012) observed that most macrophages are 

stationary, which is consistent with our observation. However, they found that 

macrophages were very frequently integrated into the vessel wall, whereas we noticed 

that in some cases macrophages dissociated with vessels and disappeared from the 

field. Probably, the disparity reflects macrophage’s adaptable behavior under different 

pathological settings such as vascular remodeling versus VEGF induced 

permeabilization. Interestingly, Gray and colleagues (2011) demonstrated that 

macrophages in contact with endothelium migrated faster than the ones in the tissue, 

and we revealed that such movement is further enhanced upon the stimulus of VEGF. 

Nonetheless, whether such movement directly regulates vessel permeability or simply a 

consequence of permeability increase is still unknown.  

In all, vessel permeability can be regulated on both molecular level and cellular 

level. More efforts are needed to investigate the heterotypic cell-cell interactions 

between macrophages and ECs, and the molecular components in this dynamic 

crosstalk.  
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Fig.2 Macrophages contribute to the endothelial barrier by reducing vascular 
permeability. A) Macrophages (marked by Mrc1) on the ear were depleted by 
clodronate liposome injection. Ctrl, PBS-liposome. Scale bar, 2mm. B) Quantification of 
macrophages on the ears by flow cytometric analysis. n=4-5. C,D) Micrographs from 
intravital imaging recorded the dextran leakage on the ear injected with clodronate 
(clod.) liposomes or control liposomes, with (D) or without (C) VEGF treatment. Scale 
bar, 200"m. E,F) Quantification of dextran intensity on the ear with (F) or without (E) 
VEGF in 20 min time course. n=3. G) Quantification of ear vessel permeability 
measured by dextran intensity with no stimulus for 25min, followed by bradykinin 
treatment for 20min. n=3. 
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Chapter 6 

Conclusion 
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In this dissertation we have demonstrated that endothelial cells (ECs) provide a niche 

for the expansion of hematopoietic stem cells (HSCs) and preferably support the 

differentiation and polarization of M2-like macrophages in vitro. Furthermore we found 

that in vivo, macrophages are closely associated with vessels and regulate vascular 

permeability. In this section, we will discuss the major conclusions and remaining 

questions. 

 

6.1 Endothelial cells support hematopoietic stem cell expansion 

The bone marrow niche, where hematopoietic stem cells reside, includes multiple cell 

types: osteoblasts, sinusoidal ECs, perivascular cells, and other cell types in addition to 

soluble factors secreted by the abovementioned cells. It has been debated that which 

cell type is “the best” to promote HSC proliferation while suppressing differentiation. The 

reason is that expansion of HSC holds significant clinical value. The current view of the 

niche cell contribution is that osteoblastic cells provide retention cues and a quiescent 

environment for HSCs, whereas vascular cells convey self-renewal and proliferative 

signals to HSCs. The latter is supported by several lines of evidence: 1) HSCs are 

located in close proximity to sinusoidal ECs; 2) disruption of each niche by deletion of 

SCF suggests that only the endothelial cell compartment is indispensible for HSC self-

renewal; 3) transplanted hematopoietic progenitors preferentially engrafted in the 

vascular niche (Kiel et al., 2005; Lo Celso et al., 2009; Ding et al., 2012).  

 Numerous attempts have been made to use cells from the so-called niches to 

expand HSCs in vitro. In Chapter 3, we have isolated ECs from various adult murine 

organs and compared the efficiency of these individual components to stromal cell 



128 

(OP9) in terms of promoting HSCs. The OP9 cells, derived from the bone marrow 

stroma of newborn op/op mouse, have been used extensively in inducing the 

differentiation of embryonic stem (ES) cells into all blood cell lineages without adding 

exogenous growth factors (Vodyanik et al., 2005; Ji et al., 2008; Weisel et al., 2009). In 

comparison with OP9 cells, our data indicate that OP9 could provide a short-term boost 

of HSC numbers but ECs are superior for long-term support of HSCs. This is consistent 

with the notion that ECs constitute a niche for the self-renewal and expansion of HSCs.  

Furthermore, we found that AML1 (acute myeloid leukemia 1, or RUNX1), a 

transcription factor critical for the transition of hemogenic endothelium to HSC  (Chen et 

al., 2009), expression in ECs enhanced the support of HSC expansion. In addition, 

AML1 was effective in promoting the proliferation of ECs. The findings indicated that 

AML1 regulate both HSCs and its niche (ECs).  

Nevertheless, many questions still remain. For example, the molecular 

mechanism that allows ECs to support HSCs has not been fully uncovered. The 

information is critical to better control the quality and quantity of HSCs obtained via in 

vitro assay.  

 

6.2 Endothelial cells induce M2- macrophage differentiation 

Besides its ability to support HSC expansion, it has been proposed that ECs might 

facilitate or even induce hematopoiesis, especially myelopoiesis. We have 

demonstrated in Chapter 4 that ECs constitute a niche for the M2- macrophage 

differentiation. Interestingly, such differentiation followed an organized pattern in the 
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colony, with less differentiated cells in the center and M2-polarized macrophages on the 

periphery. Furthermore, colony growth and maintenance were exclusively dependent on 

the direct contact with ECs and required the presence of M-CSF. We further tested the 

function of these M2- macrophages in vivo and confirmed their capability of contributing 

to tumor angiogenesis.  

 Not many studies have evaluated the differentiation of HSCs induced by niche 

cells, which could potentially have impact on severe hematologic diseases. The 

signaling instructing such differentiation process needs to be further dissected. It is 

unclear whether ECs in vivo promote polarization of macrophages under homeostatic 

conditions and/or in pathological settings.  

 

6.3 Macrophages regulate vascular permeability 

In order to investigate the association between ECs and macrophages in vivo, in 

Chapter 5 we analyzed a set of high-resolution confocal images and discovered that 

macrophages were frequently in close contact with vessels. Depletion of macrophages 

resulted in a dramatic increase of vascular permeability and reconstitution of M2- 

macrophages from in vitro culture could recover the compromised barrier. Interestingly, 

the motility of macrophages seemed to be correlated with permeability. Our study has 

offered an example of how heterotypic cell interactions regulate vascular permeability.  

 There are several additional aspects related to the biology of this phenomenon 

that we are working on or are eager to conduct: 1) a through quantification of 

macrophage population in each organ and the level of macrophages associated with 



130 

vessel. Given that the abundance and function of macrophages vary in different organs, 

one would speculate that the association level could be different; 2) dissecting the effect 

of each perivascular cell population on the regulation of permeability. For now, we know 

that vessels are surrounded by pericytes, macrophages and other cell types. However, 

what is the contribution of pericytes versus macrophages to the barrier regulation? The 

difference could be the time of response to permeability factors, the type of stimulus or 

the level of the control of permeability; 3) determination of the kinetics of EC and 

macrophage association. Whether such process is constitutive or quite dynamic is 

unknown. Likely, by intravital imaging under different pathological settings, one would 

be able to address this question.    

 

6.4 Perspective 

The crosstalk between EC and HC has been addressed by previous investigations, but 

the information has been scant and difficult to sort out. Additional efforts need to be 

placed on this subject in order to gain critical knowledge for therapeutic exploration. 

Understanding the components in this relationship will allow us to better understand the 

homeostatic regulation of vascular modeling and endothelial barrier, which hopefully will 

help us treat vascular abnormality related diseases such as arthrosclerosis, 

carcinogenesis and heart disease.  
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