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Abstract

Background and Aims—Regeneration of the hepatic mass is crucial to liver repair. 

Proliferation of hepatic parenchyma is intimately dependent on angiogenesis and resident 

macrophage-derived cytokines. However the role of circulating monocyte interactions in vascular 

and hepatic regeneration is not well-defined. We investigated the role of these interactions in 

regeneration in the presence and absence of intact monocyte adhesion.

Methods—Partial hepatectomy was performed in wild-type mice and those lacking the monocyte 

adhesion molecule CD11b. Vascular architecture, angiogenesis and macrophage location were 

analyzed in the whole livers using simultaneous angiography and macrophage staining with 

fluorescent multiphoton-microscopy. Monocyte adhesion molecule expression and sprouting-

related pathways were evaluated.

Results—Resident macrophages (Kupffer cells) did not migrate to interact with vessels whereas 

infiltrating monocytes were found adjacent to sprouting points. Infiltrated monocytes colocalized 

with Wnt5a, angiopoietin 1 and Notch-1 in contact points and commensurate with phosphorylation 

and disruption of VE-cadherin. Mice deficient in CD11b showed a severe reduction in 

angiogenesis, liver mass regeneration and survival following partial hepatectomy, and developed 

unstable and leaky vessels that eventually produced an aberrant hepatic vascular network and 

Kupffer cell distribution.

Conclusions—Direct vascular interactions of infiltrating monocytes are required for an ordered 

vascular growth and liver regeneration. These outcomes provide insight into hepatic repair and 

new strategies for hepatic regeneration.
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Introduction

The liver is a unique organ in not only its capacity to regenerate but in the complex 

sequential activation of multiple pathways and cell types involving the entire remaining 

organ in recovery of mass.1,2 What has not yet been fully delineated is how these processes 

interact and in particular the converging roles of angiogenesis3 and circulating monocytes. 

After hepatectomy, injured hepatocytes, liver progenitor cells and resident macrophages, 

that is, Kupffer cells (KCs) from portal areas recruit circulating immune cells such as 

monocytes to damaged liver through release of monocyte chemotactic protein 1 (MCP-1)4–5. 

Infiltrating monocytes can activate c-Met and Tie-2 pathways by direct interaction,6–8 and 

trigger the paracrine release of different cytokines and endothelial growth factors important 

to liver regeneration such as the family of molecules Notch and Wnt.9,10,11 Either disruption 

of the canonical Wnt/β-catenin signaling pathway in macrophages 12 or depletion of 

systemic macrophages reduces liver regeneration.13,14 KCs in particular, as resident 

macrophages play an elaborate control role of sinusoidal endothelium.2 Priming factors 

(e.g., IL-6 and TNFα) by KCs and hepatocytes themselves15 stimulate hepatocytes to 

respond to growth factors (e.g., HGF, TGF-β and EGF).16 Hepatocytes undergo DNA 

synthesis that peaks at ∼36h post-hepatectomy in mice16 followed by three additional 

smaller waves of proliferation to eventually restore the original number of hepatocytes.17 

Proliferation of hepatocytes sequentially advances from periportal to pericentral areas of the 

lobule, as a wave of mitosis under circadian control.18

Simultaneously there arises a vascular response that begins with endothelial budding, and is 

facilitated by vasodilation and uncoupling of interendothelial contacts, which allows 

extravasation of plasma proteins and extracellular matrix components to set down an initial 

scaffold for migrating ECs.19 The vasodilator and pro-angiogenic substance nitric oxide 

(NO)20 is the main factor responsible of the initial vascular effects, while Wnt and Notch 

family proteins provide proliferating and non-proliferating control of tip and stalk cells, 

respectively.21 These factors help overcome the forces that provide vascular mechanical 

strength and stiffness. At the molecular level, the disruption of EC assembly includes the 

phosphorylation of adherens junctions such as vascular endothelial (VE)-cadherin, platelet 

endothelial cell adhesion molecule-1, and their corresponding cytoskeleton-linking 

molecules. Moreover, endothelial and inducible NO synthases are up-regulated after partial 

hepatectomy by c-Met activation and released NO facilitates the uncoupling of endothelial 

junctions.22–23 Likewise, c-Met receptor has recently been described as a co-receptor of the 

leukocyte Intercellular Adhesion Molecule 1 (ICAM-1)24 and this latter signaling pathway 

triggers liver regeneration by stimulating Kupffer cells to release tumor necrosis factor α 

(TNF-α) and IL-6 in mice.25
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The regulation of interactions of infiltrating monocytes with endothelial cells is critical to 

optimization of angiogenesis in order to synchronize vascular growth to parenchymal 

expansion during hepatic regeneration and it is these interactions we describe herein.

Materials and Methods

Animal experiments

Male C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA)) 

and mice lacking CD11b (Strain: B6.129S4-Itgamtm1Myd/J) from the Jackson Laboratory 

(Bar Harbor, ME). All animals were maintained in a temperature-controlled room (22°C) on 

a 12-h light-dark cycle under institutional and NIH guidelines. After arrival, mice were 

continuously fed ad libitum until euthanasia. Partial hepatectomy was performed as 

described26 and approved by the Animal Ethics Committee at Massachusetts Institute of 

Technology, MA, USA. The regenerating right lobe was used for all analyses at different 

time points. Liver restoration rate was calculated as liver weight/body weight × 100.

Whole-mount multiphoton imaging of macrophage presence and angiography in liver

Mice (9–12 weeks old) were anesthetized with isoflurane and then injected with 100 µL of 

20 mg/mL 70-kDa Texas red-dextran in Dulbecco's PBS into the tail vein in order to load 

macrophages by phagocytosis. After 2 hours the animals were euthanized by overexposure 

to CO2. Then, mice were perfused via the left ventricle with phosphate buffered saline 

(PBS) followed by an injection of fluorescein isothiocyanate-labeled dextran (FITC-dextran, 

MW 2×106 Da., Sigma, St. Louis, MO). Finally, vascular and macrophage fluorescence was 

visualized under a multiphoton microscope (Leica Microsystems, Heerbrugg, Switzerland). 

Vascular analysis and macrophage presence were determined by capturing 10 µm z-series of 

whole liver with a 25 x, N.a. 1.05 objective, Olympus FV-1000 MP (Olympus, America Inc, 

Center Valley, PA, USA) in which the viewing field is 512 × 512 µm. Number of 

macrophages, vascular diameter and anastomosis quantification were analyzed in all of the 

z-images with ImageJ manually or using the tool “angiogenesis analyzer” when appropriate. 

Intrasinusoidal or extrasinusoidal macrophages attached to vessel walls were quantified as 

positive macrophage-endothelial cell interactions. Dual staining (in yellow) did not interfere 

with the identification of intravascular staining of attached macrophages (highlighted in red) 

which were not stained by FITC-dextran at every focal plane. The initial total number of 

macrophages (sham) was considered as the original number of resident macrophages (KCs). 

After hepatectomy, the number of KCs was calculated as: total number of macrophages – 

(number of macrophage-EC interactions – original number of macrophage-EC interactions).

Tissue and cell analysis

Tridimensional reconstruction software analysis, gene expression analysis by Real-time 

PCR, immunofluorescent staining, Western blotting and “In vitro” studies are all described 

in the supporting Materials and Methods.

Statistical analysis

Data are expressed as mean ± standard error. Statistical analysis of the results was 

performed by one-way analysis of variance (ANOVA), the Newman-Keuls test, and the 
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unpaired Student’s t test when appropriate. Differences were considered to be significant at 

a p value of 0.05 or less. Data sampled from Gaussian populations were used for the 

calculation of Pearson Correlation Coefficient. A Pearson correlation coefficient (r) value of 

>0.75 was considered to exhibit strong positive correlation, a value between 0.50 and 0.75 

was considered as a moderate correlation whereas value less than 0.5 was considered to 

demonstrate a weak correlation between two variables.

Results

Vascular vasodilation and angiogenesis are progressive from portal to central areas after 
hepatectomy

To evaluate and quantify the vascular and angiogenic effects after hepatectomy we 

performed a whole-mount fluorescent angiography with multiphoton microscopy and 

analyzed the tridimensional segmentation of the bidimensional stack of images. Significant 

vascularization was comprised of immediate angiogenesis and delayed vasodilation (Figure 

1A). The number of vascular anastomosis rose 7-fold at regeneration compared to 

immediate post-hepatectomy (Figure 1A). There was as well distension of the hepatic and 

sinusoidal collagen fibers that serve as the scaffold for normal liver, commensurate with 

expansion of the injured mass to make space for vascular and parenchymal growth 

(Supplementary Figure 1). Vasodilation followed 16 hours after liver excision originating in 

portal areas and expanding to central areas with progressive tissue regeneration (Figure 1A). 

Portal areas were easily identified by tridimensional segmentation as convergent areas of 

major vessels (Supplementary Figure 2). We quantified inducible nitric oxide synthase 

(iNOS) expression along the regeneration process to assess the relationship between 

induction of this enzyme and vasodilation. iNOS expression tracked with vasodilation 

(Supplementary Figure 3) and indeed there was a correlation of 0.995 between the two 

during liver regeneration (Supplementary Figure 3).

Infiltrating monocytes but not resident Kupffer Cells interact directly with sinusoid after 
partial hepatectomy

To analyze the possible role of the interactions of circulating monocytes with angiogenesis 

during liver regeneration we visualized the emerging hepatic vascular network using 

angiography in concert with fluorescent staining of macrophages in whole mouse liver. 

Quantification of z-stack images obtained by multiphoton mi croscopy in sham samples 

revealed that most of resident macrophages (i.e. KCs) were located in close contact with 

hepatocytes within the space of Disse with no direct interaction with sinusoids (Figure 1B). 

Only 9% of resident macrophages were attached to the hepatic vascular network in normal 

conditions (Figure 1B). These findings were further visualized by analysis of tridimensional 

segmentation as above (Supplementary Figure 4). After hepatectomy, the number of direct 

contacts of macrophages with hepatic vasculature progressively increased peaking at 40 h 

and then gradually decreasing thereafter (Figure 1B). The number of KCs, as identified as 

the total number of resident macrophages at time zero, however rose slightly or remained 

constant in the first post-op day and then doubled progressively thereafter (Figure 1B). Thus, 

monocyte recruitment occurs early after hepatectomy but the expansion of the KC 

population needs more than 1 day to begin to synchronize their replication with the growing 
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parenchyma. Indeed, the number of KCs correlates perfectly (r=0.997) with liver restoration 

rate (Supplementary Figure 5).

To determine whether macrophages in contact with liver vessels were recruited from 

circulating monocytes we stained liver sections for CD14 a marker highly expressed in 

macrophages derived from infiltrated monocytes27, at different time points after 

hepatectomy. The number of macrophages derived from circulating monocytes in direct 

contact with liver endothelium followed the pattern quantified by multiphoton microscopy, 

emerging from the portal space to the centrolobulillar areas until 40h post-op and then 

progressively declining afterwards (Figure 2).

Macrophage activation by endothelial contact is associated with VE-cadherin disruption 
and the delivery of factors to select vascular sprouting points

Multiphoton microscopy studies also provided clear images showing that recruited 

monocytes spread and site adjacent to small vascular budding structures (Figure 3A). To 

assess whether interactions of infiltrated monocytes can be associated with vascular 

sprouting along the liver regeneration process we quantified the phosphorylated form of 

vascular endothelial cadherin (VE-cadherin) as a marker of endothelial disruption leading to 

vascular sprouting.28 Expression of VE-cadherin progressively rose 24h after hepatectomy 

and continued and plateaued (Figure 3B) but phosphorylation of VE-Cadherin fell after 

peaking interestingly at the time that monocyte-endothelial interactions were also on the 

decline (Figure 3B). Indeed there is an excellent correlation (r=0.983) between the number 

of monocyte-EC contacts and phosphorylation of VE-Cadherin suggesting a reflection of 

influence on vascular sprouting (Figure 3C).

In addition to the possible angiogenic effects of direct interactions of monocytes with 

adhesion molecules we also analyzed factors locally released by recruited macrophages that 

can stimulate proliferation of tip cells (such as Wnt5a) or select stalk cells (such as Notch1 

or Ang-1). In this regard, we found that monocytes recruited at an early phase of liver 

regeneration (16h post-op) are attached to vessels and colocalize with Wnt5a, Notch1 and 

Ang-1 in the portal space (Figure 3D). The liver expression of these factors progressively 

increases up to a maximum at 72h (Supplementary Figure 6A) when endothelial 

proliferation is described to reach a peak as well.29 In vitro, THP-1 cells (a monocyte cell 

line) also deliver Wnt5a (non-canonical Wnt ligand) and Notch-1 as soon as they interact 

with HUVECs inflamed by TNF-α (Supplementary Figure 6B). Wnt ligands delivered by 

THP-1 after interacting with HUVECs demonstrated to play an important role inducing 

endothelial tube formation since total blockade of Wnt signaling by sFRP drastically 

reduced the formation of tubules (Figure 3E). Indeed, inhibition of the effects of non-

canonical ligands such as Wnt5a using WIF1 resulted in a higher inhibition of tube 

formation than inhibiting the canonical Wnt/β-catenin pathway using DKK (Figure 3E)

ICAM-1 and MCP-1 expression is sequentially activated during liver regeneration

To establish which endothelial adhesion molecules are involved in the recruitment of 

circulating monocytes and the sequential waves of sprouting during liver regeneration we 

quantified the gene expression of the most important monocyte adhesion molecules: P-
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selectin, CCR2, VCAM-1 and ICAM-1. Expression of the three of these was increasingly 

up-regulated with liver regeneration, with a maximum peak of expression 72 h post-

hepatectomy (Figure 4). Surprisingly, gene expression of ICAM-1 showed two sequential 

waves of up-regulation, one at 16 h and one at 72 h after hepatectomy with down-regulation 

at 40 h (Figure 4), the time when monocyte interactions peak. In this context expression of 

monocyte chemotactic protein (MCP-1) exhibited two waves of expression that parallel 

ICAM-1 gene expression (Figure 4), suggesting synergistic or concomitant contributions to 

control of signaling pathways activated by the interaction of monocytes with ECs.

Suppression of CD11b–mediated binding of monocytes to endothelial ICAM-1 impairs 
vascular sprouting leading to vascular leakage

To investigate the direct relationship of ICAM-1 activation by monocyte binding and 

hepatic sprouting process we analyzed the effects of gene suppression of the monocyte 

counter-receptor that mediates ICAM1 leukocyte adhesion (i.e. CD11b) in vascular and liver 

regeneration after partial hepatectomy. Two groups of mice of the same age were analyzed: 

wild-type and KO for CD11b. The elimination of monocyte interactions in KO mice for 

CD11b abolished sprout formation and angiogenesis and promoted a significant and 

sustained increase in vascular diameter (Figure 5A). Portal areas showed leaky blood vessels 

between 40–72 h post-op that was obliterated after 7 days. The vascular network that formed 

had aberrant branching and shunts and lost the KC distribution observed in normally 

regenerating livers (Figure 5A). The KO of CD11b abrogated stable interactions and 

recruitment of monocytes in liver sinusoids and portal space after partial hepatectomy that 

was only partially compensated after 7 days pos-top by the mobilization of KC from the 

hepatocyte vicinity to the surface of blood vessels (Figure 5B).

Mice lacking CD11b display impaired liver regeneration and survival

Aberrant vascular growth of mice lacking CD11b resulted in a drastic reduction of hepatic 

mass regeneration and reduction in survival by 35% within the first 72h (Figure 6A). During 

the critical period of 40–72h gene expression of iNOS, TNF-α and ICAM-1 were 

upregulated (Figure 6B). Conversely VE-cadherin gene expression was down-regulated 

pointing to a reduction in angiogenesis (Figure 6C) but phosphorylation was augmented in 

association with increased TNF-α and iNOS during periods of maximal vascular leak 

(Figure 6D). This disruption of vascular integrity cannot be attributed to an increase of other 

well-known permeability factors such as VEGF-A or Ang-230 whose mRNA levels were 

also drastically decreased in CD11b KO mice (Supplementary Figure 7A). Furthermore, 

gene expression of sprouting factors Wnt5a, Ang-1 and Notch1 was down-regulated in 

CD11b KO mice and progressively recovered after 72h in correlation with the recruitment of 

KCs to interact with hepatic vessels (Supplementary Figure 7B). Hepatic proliferation 

(PCNA expression) and expression of known mediators of liver regeneration (IL-6 and 

hepatocyte growth factor) was also found drastically reduced in CD11b KO mice 

((Supplementary Figure 7C).
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Discussion

Ordered angiogenesis has long been considered to be critical for optimal wound healing. 

The formation of new, functional blood vessels requires the sprouting of preexisting blood 

vessels and their subsequent fusion with other blood vessels.31 Little is known about the 

mechanisms by which leading ECs at vascular sprouts (endothelial “tip” cells) are selected 

to proliferate and elongate to form new functional blood vessels. Some investigations point 

to direct interactions of monocytes with ECs as a driving force to stimulate endothelial 

proliferation6–7 and to mediate the fusion of endothelial tip cells.32 We demonstrate that 

circulating monocytes are selectively recruited to specific areas of regenerating livers, 

especially surrounding sprouting spots. This recruitment begins in portal areas and expands 

to the rest of hepatic tissue commensurate with vasodilation and the hepatic expression of 

iNOS. As iNOS is up-regulated in injury, thus inducing synthesis of the vasodilator and 

proangiogenic substance NO33, our findings suggest that hepatocytes and resident KCs 

locally deliver paracrine factors to regulate vascular tone and growth during liver 

regeneration. Released substances serve not only to coordinate vessel and tissue growth but 

cellular interactions as well, attracting circulating monocytes (e.g. MCP-1) and stimulating 

nearby ECs to expose monocyte adhesion molecules (e.g. TNF-α)4,34 (Figure 7A). Indeed, 

the number of interactions of recruited monocytes with liver vascular network directly 

associated with phosphorylation and disruption of VE-cadherin connections. This 

uncoupling of inter-EC connectivity mediated by VE-cadherin is essential to the plasticity of 

the selected endothelial tip cell as it drives migration and elongation.35 Non-resident 

macrophages also serve as chaperones of endothelial sprouting by locally secreting 

proliferative factors such as Wnt5a and Ang-1 and the stalk cell stabilizer Notch1. The final 

outcome of this collaboration between recruited monocytes and signals from hepatocytes 

and KCs is that vascular anastomosis increase proportionally to hepatic mass growth and KC 

number until total liver mass is restored. In this regard, we show that Wnts release from 

infiltrating monocytes and namely the contribution of Wnt5a and non-canonical ligands is 

especially important to drive angiogenesis in those inflamed vessels.

Current investigations in the field of liver regeneration have focused on the priming phase of 

DNA synthesis of hepatocytes and essential transcription factors in the first 4 hours after 

hepatectomy where CD14+ infiltrated monocytes are seen.36 We now demonstrate that 

recruited monocytes are important beyond the priming phase and throughout the process of 

liver regeneration. Indeed, leukocyte adhesion molecules such as P-selectin, CCR2 and 

VCAM-1 up-regulated after 24 h post-hepatectomy maintain the number of rolling 

interactions and the likelihood of recruiting monocytes. Interestingly, the adhesion molecule 

ICAM-1 was also up-regulated after hepatectomy but its gene expression was significantly 

down-regulated when monocyte interactions and VE-cadherin phosphorylation were 

maxima and just preceding the two main waves of hepatocyte proliferation as reported.37 

Altogether monocyte adhesion molecule expression seems to be regulated by monocyte 

interactions in accordance with the requirements of endothelial sprouting and the subsequent 

hepatic mass expansion. Actually ICAM-1 activation is an important signaling pathway to 

trigger vascular sprouting38–39. Therefore ICAM-1 appeared as a good candidate to 
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understand the role of direct interactions of monocytes with hepatic endothelium to regulate 

vascular and liver regeneration.

Monocyte adhesion to activated endothelium promotes EC proliferation6–8 and is an 

essential step for arteriogenesis via ICAM-1/Mac-1.40 Gene suppression of any of the 

subunits of the monocyte receptor Mac-1 (CD11b/CD18) disrupts wound healing in 

mice.41–42 However the role of this monocyte receptor has not been analyzed in liver 

regeneration after partial hepatectomy. We now show that suppression of the gene for 

CD11b reduced survival of mice undergoing partial hepatectomy in concert with reduction 

in recruitment of circulating monocytes into the hepatic vascular network and impaired 

vascular and liver mass regeneration. The suppression of monocytes adhesion to ICAM-1 in 

CD11b KO mice promotes a sequence of gene up-regulation that compensates for reduced 

role of monocyte-EC interactions in liver regeneration. These compensatory effects include 

increase in ICAM-1 and TNF-α expression in an effort to attract monocytes and moreover 

up-regulation of iNOS to drive an alternative angiogenic process via NO. Interestingly, since 

TNF-α can also directly phosphorylate VE-cadherin43 the increase of TNF-α expression in 

CD11b KO mice was followed by an increased visual vascular leakage and a disorganized 

and aberrant vascular network after hepatectomy. In this regard we observed a significant 

reduction in the ratio VE-cadherin expression/VE-cadherin phosphorylation which can 

explain the vascular permeability effects that arise with imbalance in ECs junction stability. 

In fact, the exacerbated and uncontrolled increase of TNF-α is known to display suppressive 

effects on wound healing in mice.44

To regulate these vascular disorders KCs were progressively recruited into vessel walls from 

their static, basal physiological state and location in an attempt to replace the role of 

monocyte-EC interactions in the control of vascular and liver growth in KO mice. Thus, 

macrophage interaction with ICAM-1 in liver endothelium appears to be important for the 

regulation of the endothelium integrity but also in the control of TNF-α production during 

angiogenesis after hepatectomy.

In physiological liver regeneration then, MCP-1 and TNF-α released from KCs attract 

circulating monocytes to the vicinity and stimulate ECs to express ICAM-1 near endothelial 

junctions. The interaction of recruited monocytes with ICAM-1 promotes the 

phosphorylation of VE-cadherin only in selected locations that govern the passage of the 

leukocyte which will deliver growth factors to stimulate vascular sprouting (Figure 7B). In 

liver regeneration after chronic injury and fibrosis, macrophages display dual and 

differentiated roles. During the advance of liver fibrosis while the injury remains, 

accumulated macrophages stimulate inflammation and scarring via activation of 

myofibroblasts.45 In contrast recovery is marked by matrix degradation and repair.45 Hence, 

the balance between stimuli from milieu and the presence of different subsets of 

macrophages46 may determine the final behavior of these macrophages towards liver disease 

or repair.

In summary, liver regeneration is a complex process that requires the communication, 

coordination and interaction of different cell types to successfully recover hepatic mass. Our 

findings support a significant role for circulating monocytes in driving the sprouting of 
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endothelial cells by direct interaction with liver vascular network. The binding of circulating 

monocytes to endothelial ICAM-1 is essential for selecting areas for vascular sprouting and 

sequentially coordination and stimulation of physiological vascular growth in accordance 

with hepatocyte and KC proliferation. These findings identify new mechanisms and 

potential targets for liver repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Monocyte/macrophage interactions with liver sinusoidal endothelial cells during liver 
regeneration
C57BL/6 mice underwent 70% hepatectomy and samples of liver right lobe were examined 

at sequential time points (0, 16, 40, 72, 168 hours post-op). Vasodilation (initiated in portal 

areas) and anastomoses were analyzed by angiography (vascular perfusion of FITC-dextran, 

MW 2×106 Da) using multiphoton microscopy (A). The total number of macrophages and 

monocyte-vascular interactions were quantified in whole liver images obtained from mice 

intravenously injected with 70 kDa Texas red-dextran 2 hours before angiography with 

FITC-dextran and multiphoton microscopy, and sacrifice. Intravascular and extravascular 
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monocyte-endothelium interactions and non-interacting macrophages highlighted in red 

were quantified in every z-stack from every field. (B); one representative Z image of liver 

from every time point is shown n=10 at every time point; *, p<0.05 vs. former time point.
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Figure 2. Interactions between circulating monocytes and endothelial cells after partial 
hepatectomy are initiated in portal space
Representative images of liver sections identified vessels by staining for von Willebrand 

factor (in red) and recruited monocytes by staining for CD14 (in green). Nuclei were stained 

by DAPI (blue). Initial contacts of recruited monocytes (in yellow) take place in portal areas 

and then expand to the rest of liver sinusoid as regeneration progresses peaking at 40h post-

hepatectomy.
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Figure 3. Infiltrated macrophages stimulate vascular sprouting in contact points with vessels
Amplification of multiphoton images (vessels in green and yellow, macrophages in red), 

visualized vascular buds (white circles) surrounded by spread recruited macrophages as 

early as 16 hours after hepatectomy, none of which were identifiable in comparison to sham 

samples (A) mRNA levels of VE-cadherin (indicator of vascular proliferation) after 

hepatectomy showed that angiogenesis begins after 16 hours and progressively increases 

until 168 hours (B) In contrast phosphorylation of VE-cadherin (Western blot) and therefore 

disruption of endothelial junctions to allow the sprouting process increases from 16 to 40 

hours post-op and then decreases until the end of liver regeneration (B). The pattern of 

phosphorylation of VE-cadherin evaluated by Western Blot shows excellent correlation with 

the number of infiltrated monocytes during liver regeneration (C) Hepatic staining of these 

recruited macrophages (CD14, in red) enhanced the local expression of sprouting-related 

factors Wnt5a, Notch1 and Ang-1 (in green) in contact points of vessels (yellow) in portal 

areas as early as 16 hours post-op (D). Tube formation assay of HUVEC inflamed by TNF-α 

(5 ng/mL) in the presence or absence (Control, CT) of THP-1 monocytes (Mon) or Wnt 

inhibitors (DKK for canonical Wnt pathway; WIF-1 for non-canonical Wnt pathway; sFRP 

for both Wnt pathways). Representative phase contrast images and quantification of tube 
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length and number of tubules are shown (E). n=10 at every time point; *, p<0.05 vs. former 

time point; ##, p<0.01.
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Figure 4. Sequential gene activation of ICAM-1 and MCP-1 during liver regeneration
Real-time PCR analysis of gene expression of vascular adhesion molecules (P-selectin, 

ICAM-1, VCAM-1 and CCR2) and the monocyte chemotactic MCP-1 showed an increasing 

up-regulation of P-selectin, VCAM-1 and CCR2 throughout the whole process of liver 

regeneration. In contrast two sequential activations of gene expression of ICAM-1 and 

MCP-1 were found at 16 and 72 hours post-op and a down-regulation of their transcripts at 

40h thus coinciding with the peak of monocyte-EC interactions; n=10 at every time point; *, 

p<0.05 vs. previous time point.
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Figure 5. Gene suppression of CD11b disrupts vascular growth, promotes a higher vasodilation 
and permeability and alters KC distribution after partial hepatectomy
Two groups of C57BL/6 mice (wild-type and CD11b KO) underwent 70% hepatectomy. 

The nature and form of the vascular network formed in the right lobe of the liver were 

examined sequentially (0, 16, 40, 72, 168 hours post-op) by angiography using multiphoton 

microscopy. Vasodilatation was present in CD11b KO mice (dashed lines) just after 

hepatectomy and greater than observed in wild-type mice (solid lines) during liver 

regeneration, but vascular growth was drastically reduced and vascular leakage visualized in 

CD11b KO mice as compared with wild-type mice (A). The total number of macrophages 

Melgar-Lesmes and Edelman Page 19

J Hepatol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased minimally after hepatectomy in CD11b KO mice as compared with wild-type 

mice. KCs migrated to interact with blood vessels after 72 hours post-op replacing the 

absent monocyte-ECs interactions in CD11b KO mice. (B); One representative Z image of 

liver from every time point in CD11b KO mice is shown; the mean values ± standard error 

for the groups are indicated for wild-type (solid lines) and CD11b KO (dashed lines); n=10 

at every time point; *, p<0.05 vs. wild-type mice.
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Figure 6. Mice lacking CD11b show a reduction in liver regeneration and survival after 
hepatectomy commensurate with up-regulation of iNOS and TNF-α
Liver samples from C57BL/6 mice subjected to 70% hepatectomy demonstrated 

significantly reduced hepatic mass regeneration in CD11b KO mice and as a consequence, a 

drop in survival in comparison to wiild-type mice (A). The absence of interactions between 

CD11b and ICAM-1 in blood vessels of KO mice promoted significant up-regulation of 

iNOS, TNF-α and ICAM-1 peaking at 40 and 72 hours post-op as compared with wild-type 

mice (B). Moreover mice deficient in CD11b showed a drastic reduction of VE-cadherin 

gene expression assessed by Real-time PCR (C) in comparison to wild-type mice and in 

concordance with the results showing a decrease of angiogenesis in CD11b KO mice. The 

up-regulation pattern of TNF-α was associated with enhanced levels of phosphorylation of 

VE-cadherin in CD11b KO mice peaking at 40 hours after hepatectomy (D); n=10 at every 

time point; *, p<0.05 vs. wild-type mice.
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Figure 7. Proposed model of the role of circulating monocytes in liver regeneration
Tridimensional schematic structure of KC (in red), hepatocytes and blood vessels (in green) 

following the pattern obtained by multiphoton microscopy indicates that signals from 

injured liver stimulate the release of chemotactics and the induction of monocyte adhesion 

molecules on the endothelium. These signals recruit monocytes to selected areas, driving the 

sprouting and angiogenic process (A). KCs deliver MCP-1 to blood stream and TNF-α 

towards closer ECs to promote the expression of ICAM-1 which bind attracted monocytes 

which will phosphorylate interendothelial VE-cadherin to allow them to migrate throughout 

the vessel and locally deliver sprouting factors (B).
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