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Abstract

This review addresses fundamental mechanisms underlying how capillaries form in three-

dimensional extracellular matrices and how endothelial cells (ECs) and pericytes co-assemble to 

form capillary networks. In addition to playing a critical role in supplying oxygen and nutrients to 

tissues, recent work suggests that blood vessels supply important signals to facilitate tissue 

development. Here, we hypothesize that another major function of capillaries is to supply signals 

to suppress major disease mechanisms including inflammation, infection, thrombosis, hemorrhage, 

edema, ischemic injury, fibrosis, autoimmune disease, and tumor growth/ progression. Capillary 

dysfunction plays a key pathogenic role in many human diseases, and thus, this suppressing 

function may be attenuated and central toward the initiation and progression of disease. We 

describe how capillaries form through creation of EC-lined tube networks and vascular guidance 

tunnels in 3D extracellular matrices. Pericytes recruit to the abluminal EC tube surface within 

these tunnel spaces, and work together to assemble the vascular basement membrane matrix. 

These processes occur under serum-free conditions in 3D collagen or fibrin matrices and in 

response to five key growth factors which are stem cell factor, interleukin-3, stromal-derived 

factor-1α, fibroblast growth factor-2, and insulin. In addition, we identified a key role for EC-

derived platelet-derived growth factor-BB and heparin-binding epidermal growth factor in 

pericyte recruitment and proliferation to promote EC-pericyte tube co-assembly and vascular 

basement membrane matrix deposition. A molecular understanding of capillary morphogenesis 

and maturation should lead to novel therapeutic strategies to repair capillary dysfunction in major 

human disease contexts including cancer and diabetes.
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Introduction

The predominant blood vessels within perfused tissues are capillaries which are critical 

conduits for the exchange of fluids, nutrients, and oxygen [1-10]. The health of our capillary 

networks is essential for proper tissue homeostasis [11, 12] and many disease states appear 

to have dysfunctional capillary structures [13-24]. An interesting new concept that we 

propose here is that healthy capillaries within tissues may play a fundamental role in 

suppressing disease by promoting the development and maintenance of healthy, non-

diseased tissues (Figure 1). Major diseases where capillary dysfunction is known to play a 

key pathogenic component are cancer, diabetes, obesity, and Alzheimer's disease [13-16, 19, 

21-29].

Capillaries consist of primarily two cell types which are endothelial cells (ECs) and 

pericytes which co-assemble to form this critical vascular conduit [1, 4, 30-32] (Figure 1). 

ECs are known to form cell-lined tubes (Figures 2, 3) and pericytes are known to recruit to 

the abluminal surface of these tubes (Figures 1, 4-7). Interestingly, capillaries within 

different tissues have distinct numbers of pericytes relative to ECs. Most tissues have about 

20-25% of pericytes relative to ECs, while in the central nervous system; pericytes are much 

more abundant and are at a 1:1 ratio with ECs [4, 30, 31]. The molecular control of control 

of EC-pericyte tube co-assembly has been a major subject of investigation from our 

laboratory. Of great interest is that capillary tube assembly in large part functionally defines 

the role of both ECs and pericytes in that ECs form a perfusable network of tubes, while 

pericytes recruit to this network to facilitate maturation and stabilization of this capillary 

circuit [4, 31, 33]. Our laboratory first demonstrated that pericyte recruitment to EC tubes 

leads to another key feature of capillaries, the deposition of the vascular basement 

membrane which underlies the abluminal surface of the EC-lined tube and which is 

assembled between the two cell types [4, 31, 32] (Figures 6, 7). Pericyte recruitment occurs 

along this abluminal EC surface and dynamic imaging experiments have shown marked 

motility of ECs and pericytes along each other during tube co-assembly which is responsible 

for deposition of a continuous capillary basement membrane [3, 4, 31, 32] (Figures 6, 7).

Molecular control of capillary tube morphogenesis

Considerable progress has occurred in recent years regarding how ECs form multicellular 

capillary tube structures (Figures 2, 3). The identified mechanisms show similarities to how 

epithelial cells form tubes, although there are also clear distinctions between them [34, 35]. 

Recent reviews have covered these issues quite thoroughly [2, 34-37]. Key regulators of 

capillary tube formation are integrins, the surface matrix metalloproteinase MT1-MMP, Src 

family isoforms, protein kinase C epsilon (PKCε), the small GTPases, Cdc42, Rac1 and 

RhoJ, and a series of downstream effectors and regulators including Pak2, Pak4, Par6b, 

Par3, Rasip1, Raf and Erk kinases [2, 37-44] (Figure 7). Interestingly, one of the functions 

of this set of molecules appears to suppress RhoA and Rho kinase activities which probably 

play a key role in stabilizing EC-EC junctional contacts and maintaining the flat shape of 

ECs within a capillary tube [2, 5, 37]. Other key molecular regulators of capillary formation 

are the junctional adhesion molecules, VE-cadherin, JamB and JamC, and they all share the 
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ability to interact with a major polarity molecule, Par3, which has been implicated in vessel 

formation in vitro and in vivo [37, 38, 45-48].

In all of the cases that we have observed, capillary tube assembly is accompanied by the 

creation of physical spaces in the extracellular matrix which we have termed vascular 

guidance tunnels [44] (Figures 4, 5). Interference with the tube formation process also 

results in complete blockade of tunnel formation[44]. These matrix-free spaces are created 

through matrix proteolysis derived from cell surface matrix metalloproteinases. In collagen 

matrices, the primary enzyme responsible for the creation of these tunnels is MT1-MMP 

[44]. Vascular guidance tunnels are observed in either collagen type I or fibrin matrices, the 

two major matrix substrates which facilitate vascular morphogenesis and, thus, these tunnels 

are observed in conjunction with the process of capillary formation [31, 44, 49]. Another 

key point is that the EC-lined tubes that are formed in vitro in collagen or fibrin matrices 

resemble capillaries in vivo in that they possess a fluid-filled apical compartment and a basal 

surface in contact with the ECM. The ECs within the tubes are embedded in the 3D matrices 

within vascular guidance tunnels, and they are free to move within these spaces and remodel 

the tube structure. Interestingly, initial EC motility in 3D collagen matrices is completely 

dependent on MT1-MMP and this leads to generation of the vascular guidance tunnels in 

conjunction with other tube regulatory signals such as the α2β1 integrin (a collagen 

receptor) which is directly associated with MT1-MMP during this process [43, 44, 46, 50]. 

Once vascular guidance tunnels have been established in 3D matrices, ECs can move in an 

MMP-independent manner within these spaces [44]. The establishment of this initial 

polarized tube structure is critical for EC-lined tubes to receive an additional polarizing and 

maturation stimulus, which is the recruitment of pericytes to the abluminal tube surface [4, 

31] (Figures 1, 4-7).

Role of vascular guidance tunnels in capillary remodeling, dynamic EC-pericyte 
interactions and vascular basement membrane matrix assembly

ECs remodel the ECM in which they are embedded to create networks of vascular guidance 

tunnels that directly result from the EC tubulogenic signaling pathway [44]. Thus, matrix 

proteolysis and the creation of these tunnel spaces is a pre-requisite and essential step in the 

assembly of EC-lined tubes. During the dynamic process of EC tubulogenesis, more tunnels 

are created than are occupied at any given time, and this allows for motility of individual or 

groups of ECs to remodel the tube networks [44]. Pericytes recruit to EC-lined tubes that are 

embedded in tunnels, and, thus the pericytes enter vascular guidance tunnels allowing them 

to migrate along the abluminal surface of tubes [4, 31, 32, 49]. We have previously 

demonstrated marked motility of both ECs and pericytes together as they co-assemble into 

capillary tube structures within EC-generated tunnel spaces [31, 49] (Figure 4). An 

interesting issue concerns how pericytes move in 3D matrices and whether they create 

related tunnel spaces as they invade as single cells. Of great interest is that pericyte motility 

in 3D collagen matrices required the co-presence of ECs due to their secretion of PDGF-BB 

and HB-EGF [4, 32] (Figures 4, 7) (see below). Pericyte invasion of 3D collagen matrices is 

MMP-dependent and is completely inhibited in the presence of the MMP inhibitor, GM6001 

[33]. In related work, we previously reported that tumor cell motility in 3D collagen 

matrices requires MT1-MMP-dependent proteolysis [51, 52]. In contrast, tumor cell motility 

Davis et al. Page 3

Connect Tissue Res. Author manuscript; available in PMC 2016 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on 2D collagen surfaces did not require MT1-MMP. In 3D matrices, we showed that tumor 

cells could invade as single cells via the creation of MT1-MMP-dependent tunnel structures 

(we termed these single cell invasion tunnels- SCITs) that were the identical in width to that 

of the nucleus of the cell that was invading [52]. This was also demonstrated with human 

fibroblasts and is also true for pericytes which invade as single cells as they approach the 

EC-lined tube networks [52]. Once pericytes enter the vascular guidance tunnels created by 

EC tubulogenesis (and which are much larger in diameter than SCITs), they are free to move 

in an MMP-independent manner, just like the ECs since they both are in a 2D-like vascular 

guidance tunnel space in a 3D matrix environment [31]. This dynamic and polarized motility 

of ECs and pericytes results in ECM remodeling events leading to tube maturation (see 

below). Another important finding that we observed is that EC-pericyte interactions lead to 

the upregulation of TIMP-2 (primarily EC-derived) and TIMP-3 (primarily pericyte-derived) 

[43]. These two MMP inhibitors interestingly restrict EC tube diameter by blocking MT1-

MMP activity [43, 44], facilitate ECM remodeling by reducing MMP-dependent 

degradation of ECM components [31], and help maintain the EC-pericyte co-assembled tube 

by preventing either cell type from leaving the vascular guidance tunnel spaces via 

inhibition of MT1-MMP-dependent invasion. TIMP-2 and TIMP-3 also have been reported 

to inhibit growth factor-dependent signaling responses [53, 54] that would be necessary to 

initiate angiogenic sprouting responses, and in this manner, they contribute to capillary tube 

stabilization through this additional mechanism.

EC-pericyte interactions are necessary for capillary basement membrane assembly

In previous work, we demonstrated that ECs and pericytes co-assemble in order to regulate 

the maturation of this vascular network, by inducing assembly of the vascular basement 

membrane which is deposited abluminally and in between ECs and pericytes [31, 49] 

(Figures 4-7). This abluminal deposition constitutes an additional polarity signal for ECs and 

pericytes during this tube maturation process. Deposition of the basement membrane during 

capillary assembly restricts vessel diameters and, thus, the EC-pericyte co-assembled tubes 

are much narrower compared to EC only tubes [31]. An important point is that EC only 

tubes fail to deposit a basement membrane [31] as indicated by both immunofluorescence 

microscopy (Figure 6A) or by examining the tubes by transmission electron microscopy. 

Thus far, we have observed that pericytes are highly efficient at recruiting to EC tubes and 

inducing vascular basement membrane matrix deposition (Figures 1, 4-7). Other mural cells 

such as vascular smooth muscle cells failed to recruit well to tubes in our models and also 

failed to induce basement membrane formation. We have observed the same results using 

different origins of human ECs (umbilical vein or artery cells) and when combined with 

either human or bovine pericytes [33]. Furthermore, EC-pericyte tube co-assembly leads to 

basement membrane formation using either collagen or fibrin matrices [31, 49]. Both cell 

types are necessary to contribute key basement membrane components to deposit this 

remodeled matrix [31] (Figures 6, 7). Thus, we conclude that ECs and pericytes co-assemble 

in a highly efficient manner to form polarized capillary networks with associated basement 

membranes in 3D matrices and therefore, ECs and pericytes can be functionally defined in 

this manner [31, 33]. ECs are defined by their ability to form multicellular tube networks 

(ECs do not proliferate during these morphogenic processes) and pericytes are defined by 

their ability to recruit to these tubes and proliferate in response to EC-derived factors.
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In further support of these findings, we also demonstrated that integrin requirements change 

during EC-pericyte tube co-assembly compared to EC tubulogenesis with ECs alone. In the 

latter case, when ECs are embedded in 3D collagen matrices by themselves, they require the 

α2β1 integrin to form tubes and maintain them [50]. We have demonstrated this result using 

blocking antibodies, siRNAs and chemical inhibitors. Of great interest, integrin 

requirements change when ECs and pericytes are co-cultured compared to EC only cultures 

in 3D collagen matrices. ECs express many integrins including α1β1, α2β1, α3β1, α5β1, 

α6β1, and various αv integrins such as αvβ3 and αvβ5. Pericytes express all of these 

integrins and also express α4β1. Many of these integrins bind basement membrane 

components including laminin isoforms, fibronectin and collagen type IV. We demonstrated 

that α1β1, α3β1, α5β1, and α6β1 play a key role in EC-pericyte tube co-assembly [31]. 

However, they do not play a role when ECs are cultured alone in 3D collagen matrices [50]. 

All of these integrins recognize basement membrane matrix proteins which show little 

deposition around tubes in the absence of pericytes [31]. Thus, these basement membrane-

binding integrins become critical once ECs and pericytes work together to deposit the 

vascular basement membrane during capillary tube assembly. In contrast, α2β1 integrin 

plays a dominant role during EC tubulogenesis when ECs are by themselves in 3D collagen 

matrices, but assumes a diminished role over time when ECs and pericytes co-assemble and 

then contact basement membrane matrices by engaging α1β1, α3β1, α5β1, and α6β1 [31].

Defined growth factors controls distinct steps in capillary morphogenesis and maturation

The systems that we have developed to investigate capillary tube assembly are serum-free 

models that depend on defined growth factors that allow for the above described events to 

occur [33, 49, 55, 56]. One of the critical questions that we have been addressing is to define 

the nature and number of growth factors that are necessary for EC-pericyte tube co-assembly 

(i.e. capillary morphogenesis and maturation). We have identified five defined growth 

factors that must be added in combination to allow for this process to occur using human 

ECs and pericytes. The five growth factors (“Factors”) are stem cell factor (SCF), 

interleukin-3 (IL-3), stromal-derived factor-1α (SDF-1α), fibroblast growth factor-2 

(FGF-2) and insulin [33, 49, 55, 56] (Figure 7). We have yet to identify other growth factors 

that will substitute for this combination of factors to regulate human capillary 

morphogenesis under defined serum-free conditions in 3D collagen matrices. Interestingly, 

we identified that Flt3 ligand addition could enhance the effect of the five factors in 3D 

fibrin matrices under defined serum-free conditions [49]. Importantly, the addition of 

vascular endothelial cell growth factor (VEGF) by itself or in combination with FGF-2 fails 

to stimulate EC tubulogenesis or EC-pericyte tube co-assembly in either 3D collagen or 

fibrin matrices [49, 55]. However, we made the important observation that ECs can be 

activated in an upstream priming event by VEGF [55] (Figure 7). If ECs are pre-treated with 

VEGF for at least 8 hr, they are primed to respond much faster to the five factor 

combination of SCF, IL-3, SDF-1α, FGF-2 and insulin [55] (Figure 7). The latter factor 

combination is what is necessary to drive EC tubulogenesis [55]. VEGF does not directly 

stimulate EC tubulogenesis, because it acts upstream to activate the ability of ECs to 

respond to a distinct downstream set of “Factors” that directly control vascular 

morphogenesis in 3D matrices. We demonstrated that VEGF can upregulate the expression 

of the receptors for SCF, IL-3 and SDF-1α, which are c-Kit, IL-3Rα, and CXCR4, 
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respectively [55]. This finding is one explanation for why VEGF primes downstream 

morphogenic responses to these “Factors”. Considerable effort is currently ongoing to 

elucidate the underlying signaling pathways that control the VEGF priming response which 

is distinct from the downstream EC tubulogenic signaling pathway stimulated by SCF, IL-3, 

SDF-1α, FGF-2 and insulin (Figure 7).

Using these systems, we have also begun to define the role of growth factors in pericyte 

recruitment and proliferation [4, 32, 49]. Of great interest is our finding that pericyte 

motility in 3D collagen matrices under defined serum-free conditions is minimal in the 

absence of ECs [32]. In contrast, if ECs are present, pericyte motility can be readily 

observed and they migrate long distances as they are recruited to EC tubes and then migrate 

along the abluminal EC surface within vascular guidance tunnels as described above. We 

identified the dual role of EC-derived PDGF-BB and HB-EGF in these events [32] (Figure 

7). Using either blocking antibodies or soluble receptor traps with specific affinity for these 

growth factors, we demonstrated that these two factors in combination marked control both 

pericyte recruitment to tubes, and pericyte proliferation [32]. Pericytes fail to proliferate in 

the absence of ECs under these culture conditions, but with ECs present, they proliferate 

[32]. Importantly, ECs do not proliferate under the same culture conditions, and, we 

hypothesize that this inability to proliferate plays a key role in their ability to form tubes. 

Many years ago using DNA microarray approaches, we first demonstrated marked 

downregulation of cell cycle genes that are necessary for EC proliferation while they are 

forming tubes in 3D matrices [57]. Also, we were able to show that PDGF-BB and HB-EGF 

controlled pericyte recruitment to EC-lined tubes in vivo in developing quail embryos [4, 

32]. We utilized blocking antibodies as well as chemical inhibitors of PDGFRβ and EGFR, 

which are receptors for PDGF-BB and HBEGF, respectively. Current work in our laboratory 

is addressing whether additional endogenous growth factors (i.e. EC- or pericyte-derived) 

affect EC tubulogenesis and EC-pericyte tube co-assembly. The number of growth factors 

that control capillary morphogenesis will be many and we are focused on identifying these 

molecules and the downstream signaling pathways regulated by them using our defined 

serum-free model systems in 3D matrices.

Another important aspect of this process is how growth factor-dependent pathways overlap 

with ECM-dependent signaling pathways and how this works in concert with assembly of 

the vascular basement membrane to promote EC and pericyte differentiation and maturation 

[3, 4, 58, 59]. Growth factors (from ECs, pericytes or surrounding parenchymal cells/ 

supporting cell types such as macrophages and mast cells) will specifically anchor to 

particular components of the basement membrane matrix which will create very unique 

signaling events (e.g. co-clustering of growth factors with particular integrins) to control 

capillary maturation and stabilization. Examples are the binding of bone morphogenic 

proteins to collagen type IV [60], the interaction of VEGF with fibronectin [61], or 

angiopoietin-1 with insoluble ECM [62], thus, creating opportunities for co-signaling 

between receptor tyrosine kinases and integrins leading to unique signals to ECs [58, 63], 

pericytes and other cell types that come into contact with vascular basement membranes.
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Capillary abnormalities underlie the pathogenesis of key human diseases: cancer and 
diabetes: Hypothesis- healthy capillaries directly suppress major human diseases

It is well known the capillaries are abnormal in the malignant tumor microenvironment or in 

diseases such as diabetes, obesity, and Alzheimer's disease [13-16, 19, 21-29]. A critical 

question that remains unresolved is whether capillary abnormalities are primary causative 

factors in the pathogenic manifestations of these diseases or do they become abnormal as a 

downstream consequence of the disease. We hypothesize here that healthy capillary 

networks within tissues suppress diseases via their production of growth factors and other 

molecules leading to signaling cross-talk with adjacent parenchymal cells resulting in proper 

tissue homeostasis (Figure 1). EC-pericyte tube networks may produce a wide variety of 

molecules to actively suppress major disease processes including inflammation, infection, 

thrombosis, hemorrhage, edema, ischemic injury, fibrosis, autoimmune disease, and tumor 

growth/ progression (Figure 1). Several very interesting examples that have been reported 

are that pericytes lose their ability to interact with capillaries and become pro-fibrotic cells 

leading to tissue fibrosis associated with chronic kidney, liver, or pancreatic injury [16, 

64-71]. Similar mechanisms might occur within the tumor microenvironment where fibrosis 

is associated with tumors including pancreatic, hepatocellular, and breast carcinomas or in 

variants of Hodgkin's disease [64-69, 72-74]. In these instances, capillary dysfunction that 

predisposes pericytes to becoming pro-fibrotic cells may represent an important pathogenic 

step in the development of these cancers. In the cases of chronic liver fibrosis secondary to 

chronic hepatitis or cirrhotic liver disease, it is interesting to speculate that longstanding 

capillary dysfunction might also underlie the fibrotic response leading to an increased 

propensity to develop hepatocellular carcinoma. Furthermore, the EC apical domain is well 

known to be an anti-coagulant surface through the thrombomodulin/ activated protein C/ 

protein S signaling cascade [75-78] and EC-EC junctional controls through VE-cadherin-

mediated cell-cell adhesion regulates vessel integrity to reduce disease processes such as 

edema (secondary to increased vascular permeability), thrombosis and hemorrhage [45, 79, 

80]. EC-derived nitric oxide reduces inflammation, thrombosis and platelet activation, and 

has antimicrobial activity, along with EC-derived antimicrobial peptides [81-83]. Also, 

pericytes are known to have immunosuppressive functions [84] and, thus, capillaries might 

suppress autoimmune diseases directed at tissue parenchymal cells (e.g. beta cells in type I 

diabetes).

As mentioned earlier, EC-pericyte tube co-assembly leads to vascular basement membrane 

matrix deposition in 3D fibrin matrices [49]. In contrast, they do not deposit type I or type 

III collagens in these matrices despite the presence of abundant mRNA transcripts of these 

genes as well as other interstitial matrix proteins in pericytes (unpublished data). Does this 

indicate that EC-pericyte interactions lead to specific deposition of basement membrane 

matrices, and suppression of interstitial matrix protein deposition? If these interactions were 

disrupted due to chronic tissue injury with concomitant capillary dysfunction (or vice-versa), 

might this result in aberrant deposition of interstitial matrix collagens leading to fibrotic 

responses. This idea could be directly tested using our new model system.

In support of our hypothesis that healthy capillaries suppress disease (Figure 1) is that the 

incidence of inflammation, thrombosis, hemorrhage, cancer, etc. are all increased in diabetic 
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patients who are known to have systemic capillary dysfunction [15, 19, 21, 22, 85]. Loss of 

pericytes around capillaries is a hallmark of diabetes, and is particularly apparent in 

capillaries of the central nervous system (e.g. retina) leading to diabetic retinopathy [21, 86]. 

Loss of pericytes leads to abnormalities in vascular basement membranes, and disruption of 

capillary vessel stabilization leads to focal hemorrhagic lesions, thrombosis and ischemic 

damage [21, 86]. Further work is necessary to elucidate the molecular details for how EC-

pericyte interactions are altered under conditions of hyperglycemia or in conjunction with 

low insulin signaling. Our finding that insulin is a required growth factor for capillary tube 

assembly suggests one reason why diabetes results in capillary dysfunction. Our model 

systems are particularly well suited to investigate such questions.

Capillary dysfunction within the tumor microenvironment

One approach to evaluate tumor angiogenic responses is to consider tumor tissues as new 

tissues (i.e. similar to developmental processes or regenerative events) that must be 

vascularized like any developing tissue. A key point is that it is necessary to understand the 

specific growth factor requirements for different stages of vascular morphogenesis, such as 

priming, tube morphogenesis, EC-pericyte tube co-assembly, maintenance of these formed 

vessels, and also, regression of vessels in the context of tissue vascularization [2, 10, 33, 56] 

(Figure 7). We believe that parenchymal and other stromal support cells within different 

tissues such as macrophages, mast cells, fibroblasts, etc. will supply the necessary factors in 

combination for capillary assembly and maturation (e.g. “Factors” that we have described 

[33, 49, 55, 56]), and normal tissues have the appropriate cell types to supply these factors. 

In turn, capillaries will supply growth factors and other signaling molecules to facilitate 

tissue parenchymal cell development and maintenance. With regard to malignant tumor 

tissues (compared to normal tissues), we propose that major imbalances in the growth factor 

milieu will be presented to the newly formed tumor vasculature that will favor capillary 

instability over time (i.e. blood and/ or lymphatic vasculatures). It is known that EC-pericyte 

interactions are impaired within the tumor microenvironment and this will account for the 

abnormal vasculature that is observed [14, 23, 24, 87]. One important characteristic of 

highly aggressive cancers is that they appear to outgrow their blood supply and become 

hypoxic [13]. Another interpretation of these observations is that the vasculature becomes 

progressively abnormal over time leading to hypoperfusion of the tumor tissue and hypoxia.

Capillary instability, in contrast to capillary stabilization, will lead to continuous attempts at 

vessel formation, as well as vessel breakdown and regression events [2, 10, 88]. Thus, the 

tissue is unable to properly mature both with respect to the tumor cells and supporting 

cellular elements including unstable capillaries with impaired EC-pericyte interactions, 

creating a form of chronic tissue injury. In general terms, normal tissues in embryonic and 

adult life appear to have a balance of factors that favor capillary formation and maintenance, 

while in disease states such as cancer, these factors may be absent or alternatively, are 

present but are overwhelmed by factors that cause capillary dysfunction. Thus, does 

capillary dysfunction primarily result from a lack of appropriate pro-morphogenic factors or 

the presence of inhibitory factors (i.e. pro-regressive factors) which cause vessel regression 

(or both)? Not enough emphasis has yet been placed on this latter aspect, which could 

underlie the basis for capillary abnormalities in many diseases. The identification of 

Davis et al. Page 8

Connect Tissue Res. Author manuscript; available in PMC 2016 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibitory factors that disrupt capillary function and cause capillary regression is a very 

critical area for future investigation, since blockade of such factors or their downstream 

signaling pathways might restore capillary function and thereby reduce key disease 

mechanisms (Figure 1).

Major efforts have been ongoing to correct the vascular defects within malignant tumor 

tissues [89-91]. Can these abnormal vessels be repaired and if so, does this enhance our 

ability to treat cancers? Considerable effort has been undertaken to normalize the tumor 

vasculature (such as blockade of VEGF and VEGF-dependent signaling) with the hope that 

better delivery of anti-tumor agents could be delivered to the malignant tumor through the 

repaired vascular networks [89, 90, 92-95]. Manipulation of angiopoietin-2 signaling (which 

appears to destabilize the vasculature) vs. angiopoietin-1 (which promotes normalization) is 

another approach to promote vessel normalization [96]. Angiopoietin-1 activates Rac1 

which facilitates EC junction assembly, and another molecule, intermedin, has similar 

effects and also promotes tumor vessel normalization [95, 96]. Other interesting molecules 

that promote tumor vessel normalization include a prolyl hydroxylase, PHD2, and R-Ras 

[97, 98]. One study identified an adhesion molecule, L1, which is typically expressed in 

neural tissues, to be elevated in expression on tumor vessel ECs and which contributed to 

vessel instability [99]. Blockade of L1 function led to tumor vessel normalization. Overall, 

there is considerable evidence to suggest that tumor vessel normalization can facilitate the 

treatment of malignant cancers by facilitating anti-tumor drug delivery. Here, we 

hypothesize that capillary normalization within malignant tumors might enhance therapeutic 

efficacy for other reasons. For example, repair of capillaries might reduce key tissue injury 

responses and injury stimuli (e.g. inflammation, edema, thrombosis and ischemia) (Figure 1) 

present within the tumor microenvironment, leading to normalization of tumor cells 

themselves to a less malignant phenotype by enhancing cellular differentiation and reducing 

tumor cell proliferation.

Major questions remain concerning the nature of the problem in the tumor 

microenvironment, which directly impacts our approach to therapeutics. Are the particular 

characteristics of malignant tumor cells the key problem or is it their interaction with non-

malignant host cells such as the vasculature or perivascular cell types (e.g. macrophages, 

mast cells, fibroblasts) that are central to defining the nature of the malignant tumor 

phenotype? The majority of studies have directly focused on the tumor cells and their altered 

genetic, signaling and metabolic profiles. However, their interactions with the host (e.g. 

leading to capillary abnormalities, vascular disruption, and stromal reactions such as 

fibrosis) may be just as crucial toward determining the malignant behavior of tumor cells 

over time in a clinical setting.

Critical issues and questions such as these remain and for certain, the molecular basis for 

capillary morphogenesis and maintenance is considerably more complex than previously 

realized. The growth factor requirements and signaling pathways alone are highly complex 

under normal conditions and it is necessary for these fundamental processes to be elucidated 

as soon as possible so that more sophisticated treatment approaches can be devised to 

address different disease states. This information is also essential for efforts in regenerative 

medicine and tissue engineering where many problems have arisen with regard to 
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integrating a stable microvasculature within tissue constructs. Our belief is that a detailed 

understanding of the fundamental cell biology and cell-cell interactions in these contexts 

will ultimately reveal the solutions to these complex clinical issues. For example, many of 

our central assumptions regarding tumors and blood vessels should be questioned and re-

considered based on our current knowledge for how normal capillary networks are 

assembled, maintained and stabilized, and then how malignant tumors interact to impact 

these processes. Similar considerations should be made for key diseases such as diabetes, 

obesity, and neurodegenerative conditions (e.g. Alzheimer's disease) where capillary 

dysfunction plays a key pathogenic role.

Conclusions

In this review, we have discussed how ECs and pericytes co-assemble to form networks of 

capillary tubes, a fundamental requirement for tissue development and homeostasis. We 

hypothesize that normal capillaries through ECs and pericytes deliver key signals to 

parenchymal cells within tissues (and vice-versa) that facilitate tissue health, and in so 

doing, actually suppress primary pathologic events including inflammation, infection, 

thrombosis, hemorrhage, edema, ischemic injury, fibrosis, autoimmune disease, and tumor 

growth/ progression. In major human diseases such as cancer and diabetes, capillary 

dysfunction represents a primary problem that directly contributes to the initiation and 

progression of the disease process. Although great progress has been made toward our 

understanding of the assembly and function of capillaries, considerably more effort needs to 

be placed at understanding the fundamental cell biology of ECs and pericytes and their 

ability to interact with parenchymal cells and other supporting cell types within tissues (in 

health and disease). It is our contention that capillary dysfunction underlies the pathogenesis 

of many disease states and repair of this dysfunction, although a complex problem, may 

represent a key way to improve the health of vascularized tissues and the overall patient. 

Developing specific therapeutics to repair systemic or localized capillary dysfunction might 

represent a major advance to combating or reducing the negative impact of many human 

diseases via promotion of capillary-tissue parenchyma cross-talk leading to suppression of 

major underlying mechanisms of disease.
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Figure 1. Hypothesis: Capillary tube networks directly suppress major pathogenic mechanisms 
of disease
We propose the hypothesis that capillary tube networks (primarily composed of EC tubes 

and associated pericytes) provide signals to adjacent parenchymal and supporting cells 

within tissue stromal spaces to suppress major mechanisms of disease including cancer 

initiation and progression. These basic disease mechanisms are also direct contributors to 

cancer development (arrows). Many human diseases show evidence of capillary dysfunction 

and we propose that the disease processes directly result as a consequence of this 

microvascular dysfunction. Capillary dysfunction is a major pathogenic feature of key 

diseases including diabetes, cancer, obesity and Alzheimer's disease.
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Figure 2. Time course of multicellular EC tube assembly in 3D collagen matrices
(A) ECs were seeded as single cells within 3D collagen matrices (mimicking the 

developmental process of vasculogenesis) and form tubes in response to the “Factors”. They 

were fixed, stained, and photographed at the indicated time points. Marked EC tube 

morphogenesis is observed over time. Bar equals 100 μm. (B) GFP- and mCherry-labeled 

ECs were mixed together at a 1:1 ratio to reveal multicellular EC tube assembly after 72 hr 

of culture. Cultures were photographed under fluorescence, images were overlaid and the 

lower panel also shows nuclear staining after the addition of Hoechst dye. Bar equals 100 

μm.
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Figure 3. Molecular events controlling EC lumen formation during “Factor”-induced EC tube 
assembly in 3D collagen matrices
ECs were seeded as single cells and allowed to form tubes over 120 hr prior to fixation and 

processing for transmission electron microscopy (A) or plastic thin sectioning (B) to 

demonstrate EC lumen formation following cross-sectioning of 3D collagen gels. Black 

arrows indicate the EC apical surface; white arrows indicate EC junctional contacts, Col I 

indicates the 3D collagen type I matrix. Key regulatory steps that control the EC lumen 

formation process are highlighted in the right panel. Bar equals 10 μm (A); Bar equals 100 

μm (B).
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Figure 4. Capillary tube assembly in 3D collagen matrices and role of vascular guidance tunnels 
in EC-pericyte tube co-assembly
(A) ECs were co-cultured with GFP-pericytes and at the indicated times, cultures were fixed 

with paraformaldehyde and stained using anti-collagen type I (Col I) antibodies, and were 

photographed using light or fluorescent microscopy. EC tubes form, vascular guidance 

tunnels appear and pericytes are observed to recruit to these tubes on the EC tube abluminal 

surface within vascular guidance tunnels. Arrowheads indicate the borders of vascular 

guidance tunnels. Bar equals 50 μm. (B) ECs were co-cultured with GFP-pericytes and at 

the indicated times, cultures were fixed, immunostained with anti-collagen type I antibodies 

and photographed using fluorescence microscopy. Marked recruitment of pericytes is 

observed to EC-lined tubes which are present within vascular guidance tunnels over time. 

Arrowheads indicate the borders of vascular guidance tunnels. Bar equals 100 μm.
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Figure 5. Pericyte motility is observed along EC tubes within vascular guidance tunnels in 3D 
matrices
(A) mRFP-labeled ECs and GFP-pericytes were co-cultured and videos were made of EC 

tubulogenesis, pericyte recruitment and pericyte motility along EC tubes over time. Still 

images from these videos are shown at the indicated times of culture and reveal marked 

pericyte motility along the abluminal EC tube surface. Note that EC tube remodeling is also 

occurring while pericytes are moving along the tubes. Bar equals 50 μm. (B) EC and GFP-

pericytes were co-cultured and after 120 hr, cultures were fixed and stained with anti-CD31 

and anti-collagen type I (Col I) antibodies. Note that pericytes are observed on the EC tube 

abluminal surface and this recruitment is observed within vascular guidance tunnels 

(arrowheads indicate the borders of these tunnels), which are generated as a result of the EC 

tubulogenic process. Bar equals 50 μm.
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Figure 6. EC-pericyte tube co-assembly leads to vascular basement membrane matrix deposition
(A) ECs alone or ECs and GFP-pericytes were cultured for 120 hr and then fixed and stained 

for CD31 or collagen type IV (Col IV), a key basement membrane component. Fixed 

cultures were not permeabilized with detergent, so that only collagen type IV that was 

deposited extracellularly is observed. Note that marked basement membrane deposition, as 

indicated by collagen type IV deposition, is observed only when ECs and pericytes are 

cultured together. Bar equals 50 μm. (B) EC-pericyte co-cultures were examined by 

transmission electron microscopy and vascular basement membrane deposition is observed 

between the two cell types (black arrows). P indicates pericytes, EC indicates endothelial 

cells, and L indicates the luminal space. Left image- Bar equals 0.5 μm; Right image- Bar 

equals 1 μm.
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Figure 7. Molecular control of human capillary tube morphogenesis and maturation in 3D 
matrices
Schematic diagram showing key molecular regulators of EC tubulogenesis and pericyte 

recruitment to EC tubes which control capillary network formation and maturation. 

Dynamic and polarized EC-pericyte interactions within vascular guidance tunnels results in 

abluminal vascular basement membrane matrix assembly. EC tubulogenesis is driven by 

growth factor-dependent signals secondary to a special combination of five growth factors 

(“Factors”) which are SCF, IL-3, SDF-1α, FGF-2 and Insulin. VEGF can prime ECs in an 

upstream step to facilitate their responsiveness to the “Factors”. These “Factors” stimulate 

an integrin-, MT1-MMP-, and Rho GTPase-dependent signaling cascade which controls the 

development of EC tube networks and vascular guidance tunnels in 3D matrices. These 

networks produce PDGF-BB and HB-EGF to induce recruitment and proliferation of 

pericytes and together ECs and pericytes co-assemble within tunnel spaces to co-contribute 

and deposit the vascular basement membrane along the abluminal EC tube surface in 

between the two cell types.
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