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Key Points  

1. Acquisition of high angiogenesis-inducing capacity by human and murine macrophages 

requires their polarization towards M2-phenotype 

2. M2-polarized macrophages shutdown their TIMP1 gene expression and initiate production 

of highly angiogenic, TIMP-deficient proMMP-9 

 

Abstract  

A proangiogenic function of macrophages has long been attributed to their matrix 

metalloproteinase-9 zymogen (proMMP-9). Although tissue-infiltrating macrophages of M2-

phenotype are regarded as proangiogenic, it has not been proved that angiogenesis-inducing 

proMMP-9 is actually supplied by M2-macrophages. We evaluated angiogenic capacities of 

human monocytes, mature M0-macrophages, and polarized M1- and M2-macrophages. Only 

M2-macrophages induced angiogenesis in vivo at levels comparable with highly-angiogenic 

neutrophils previously shown to release a unique, TIMP-1-free proMMP-9. Macrophage 

differentiation was accompanied by induction of low-angiogenic, TIMP-1-encumbered 

proMMP-9. However, polarization towards M2-, but not M1-phenotype, caused a substantial 

downregulation of TIMP-1 expression, resulting in production of angiogenic, TIMP-deficient 

proMMP-9. Correspondingly, the angiogenic potency of M2-proMMP-9 was lost after its 

complexing with TIMP-1, whereas siRNA-downregulation of TIMP-1 in M0- and M1-

macrophages rendered them angiogenic. Similar to human cells, murine bone marrow-

derived M2-macrophages also shutdown TIMP-1 secretion and produced proMMP-9 

unencumbered by TIMP-1. Providing proof-of-principle, the angiogenic capacity of murine 

M2-macrophages depended on their TIMP-free proMMP-9 since M2-macrophages generated 

from Mmp9-null mice were non-angiogenic although their TIMP-1 was severely 

downregulated. Our study provides a unifying molecular mechanism for high angiogenic 

capacity of TIMP-unencumbered proMMP-9 that would be uniquely produced in a 

pathophysiological microenvironment by influxing neutrophils and/or M2-polarized 

macrophages.  
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Introduction 

A strong link has been established between infiltrating leukocytes and various 

pathophysiological conditions involving tissue remodeling and transformation.1-3 The 

leukocyte infiltrate can be represented by hematopoietic cells of different lineages, including 

lymphocytes, granulocytes, and macrophages. Tumor-associated macrophages (TAMs) have 

been implicated in cancer progression,4,5 and high numbers of TAMs have been linked to 

poor prognosis in certain human malignancies.6,7 A remarkable plasticity of macrophages 

allows them to acquire functionally distinct phenotypes.8,9 Two major alternative phenotypes, 

namely M1 and M2, have been ascribed to tumor-suppressing and tumor-promoting TAMs, 

respectively, although a spectrum of activation states has been demonstrated in several 

settings.10-13 In general, M1-macrophages are associated with an induction of strong immune 

response and tumoricidal activity. In contrast, M2-macrophages appear to suppress immune 

surveillance and enhance neovascularization.  

Macrophage-induced angiogenesis involves an angiogenic switch,14,15 which is 

triggered by proteolytic release of direct-acting angiogenic growth factors, e.g. VEGF, by the 

activated zymogen of matrix metalloproteinase-9 (proMMP-9) supplied by infiltrating 

macrophages.16,17 In Mmp9-null hosts, a lack of proMMP-9 expression prevents the 

angiogenic switch and significantly reduces angiogenesis and metastasis.16,18 Similarly, 

biochemical inhibition of overall MMP-9 activity also severely reduced levels of 

angiogenesis.17 However, both the angiogenic switch and ensuing angiogenesis are not 

universally attributed to macrophages and macrophage-produced proMMP-9. Studies have 

indicated that angiogenesis-triggering proMMP-9 could be produced by diverse inflammatory 

leukocyte types often represented by granulocytes.19-23  

Accumulated evidence demonstrates that among granulocytic leukocytes, the 

neutrophils constitute a critical myeloid cell type delivering angiogenesis-inducing proMMP-

9.24-30 The high angiogenic potential of neutrophil proMMP-9 has been linked to its unique 

TIMP-free status.31 Since neutrophils do not express tissue inhibitor of metalloproteinases-1 

(TIMP-1), a natural inhibitor of MMP-9 enzyme and negative regulator of proMMP-9 

activation,32 neutrophil proMMP-9 is released unencumbered by TIMP-1.33 Therefore, TIMP-

free neutrophil proMMP-9 can be rapidly activated in the tissue microenvironment and 

proteolytically release matrix-sequestered angiogenic factors such as VEGF and FGF-2.34  

The possible delivery of MMP-9 has also been attributed to M2-skewed TAMs, 

shown to express elevated levels of proMMP-9 compared to other subsets of macrophages.35-
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38 However, although tumor vascularization was linked to the presence of M2-like TAMs,38-40 

no evidence was presented to prove unequivocally that angiogenesis-inducing capacity of 

M2-polarized macrophages depended on their production of MMP-9. This deficiency in 

direct experimental evidence for proangiogenic functions of MMP-9 secreted by M2-

macrophages has triggered the present comparative and quantitative investigation of 

angiogenesis-inducing capabilities of human and murine macrophages and their secreted 

proMMP-9. 

Herein, we have examined the capacity of human monocytes, monocyte-derived 

mature macrophages (M0-phenotype) and polarized macrophages of M1- and M2-phenotypes 

to induce in vivo angiogenesis, and have demonstrated that only M2-macrophages approach 

the high angiogenic capability of neutrophils. Furthermore, we have determined that the 

angiogenic capacity of M2-macrophages critically depends on production of the readily 

activatable proenzyme proMMP-9, since M2-polarization is surprisingly accompanied by a 

substantial downregulation of TIMP-1. Finally, comparative analysis of murine bone marrow 

(BM)-derived macrophages demonstrated that murine M2-macrophages also shutdown their 

TIMP-1 production and initiate secretion of angiogenic, TIMP-1-deficient proMMP-9. 

Importantly, Mmp9-null M2-macrophages were low to non-angiogenic, yet did downregulate 

their TIMP-1, confirming the critical dependence of angiogenesis induced by M2-

macrophages first, on their secreted proMMP-9 and second, on the biochemical status of the 

proenzyme. Together, our data indicate that the production of TIMP-deficient proMMP-9 

could underlie a unifying molecular mechanism determining the high angiogenic potency of 

proMMP-9 delivered to inflamed tissues by neutrophils and/or M2-polarized macrophages. 
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Materials and Methods 

Isolation of neutrophils and monocytes from human peripheral blood. Peripheral blood 

was collected from healthy donors according to TSRI IRB protocol. Informed consent was 

obtained in accordance with the Declaration of Helsinki. The neutrophil and monocytic 

fractions were isolated as described in Supplemental Data.  

Macrophage differentiation and polarization. Purified monocytes were plated on FBS-

coated surfaces at 1x105 cells/cm2 in RPMI-1640/20% FBS plus 100 ng/mL M-CSF 

(eBioscience) for 7 days to differentiate into M0-macrophages. M1 polarization was induced 

by 100 ng/mL LPS (Sigma) and 20 ng/mL IFNγ (eBioscience); M2 polarization by 20 ng/mL 

of recombinant human IL- 4, IL-10, or IL-13 (all from eBioscience).  

Murine bone marrow-derived macrophage isolation and polarization. Bone marrow 

(BM) was flushed from femurs and tibia of wild type (WT) C57BL/6 mice (TSRI breeding 

colony) or Mmp9-null mice on C57BL/6 background (Jackson Laboratories). BM cells were 

cultured in RPMI-1640 containing 10% FBS, 50 nM β-mercaptoethanol, and 10% 

conditioned medium (CM) from L929 fibrosarcoma cells, a rich source of M-CSF.41 Medium 

was changed every 2-3 days to generate mature M0-macrophages. On day 7, M1-phenotype 

was induced by 100 ng/mL LPS /20 ng/mL IFNγ, whereas M2-polarization by 20 ng/mL 

recombinant murine IL-4 (Peprotech). 

Cell marker analyses. Isolated human neutrophils and monocytes and cultured macrophages 

were immunostained for macrophage mannose receptor (MMR, CD206) with mouse 

monoclonal antibody (mAb) (clone 15-2; Biolegend) and analyzed by flow cytometry and 

immunocytochemistry. FACS analyses were conducted for CD80, CD86, and CD181 

(Supplemental Data). Murine BM-derived macrophages were stained for MMR (clone 

C068C2; Biolegend) and F4/80 (clone BM8; Biolegend). Expression of α-arginase-1 and 

iNOS was analyzed by western blotting respectively with primary rabbit Ab AV45673 

(Sigma) and goat Ab sc-18351 (Santa Cruz), both recognizing human and murine proteins. 

Angiogenesis in live animals. All experimental procedures involving live animals were 

approved by IACUC protocol of TSRI.   

Chick embryo angiogenesis model. The assay was performed as described.31,34 Tested 

cells and ingredients were incorporated into 2.1 mg/mL type I collagen (BD Biosciences) at 

concentrations indicated in the text. Thirty-µL collagen droplets were polymerized over two 

meshes, generating 3D-onplants that were grafted onto the chorioallantoic membrane (CAM) 
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of chick embryos. The levels of angiogenesis were determined 3 days later as the ratio of 

grids with newly-formed blood vessels versus total number of grids. Where indicated, 

specific anti-human MMP-9 mAbs 7-11C (activation-blocking) and 8-3H (non-blocking) 

were incorporated at 2 µg/mL.  

Mouse angiogenesis model. The assay was performed as described.28,34,42 Briefly, 

M0-, M1-, or M2-macrophages were incorporated at 1.5x106 cells/mL into 2.5 mg/mL 

collagen. Negative control contained no cells. Collagen mixtures (~50 µL) were polymerized 

within ~1-cm-long silicon tubes (angiotubes) and implanted subsequently into SCID mice. 

The levels of angiogenesis were determined 12-14 days later. The angiotubes were excised 

and their contents flushed and lysed in 200 µL of 0.2% Triton X-100. The levels of 

angiogenesis determined using the endothelial marker CD31 correlate closely with the levels 

determined by measurement of hemoglobin content,28  the approach commonly used in the 

Matrigel plug angiogenesis model.43 The hemoglobin concentration was determined with 

QuantiChrom Hemoglobin Kit (BioAssay Systems) and used as a measurement of 

angiogenesis in the individual angiotubes. 

Data analysis and statistics. Statistical analyses were performed using GraphPad Software 

(San Diego, CA). Data are presented as means ± SEM (bar graphs) or medians (scattergrams) 

from a representative experiment or several normalized experiments, in which fold changes 

were calculated from the pooled fold differences by taking ratios of numerical values for 

individual measurements in experimental groups over the mean of control group. The 

unpaired two-tailed Student’s t-test or Mann Whitney test were used to determine 

significance (P<0.05) in difference between data sets. 

 

Purification of proMMP-9 by gelatin-Sepharose affinity chromatography, proMMP-9 

complexing with TIMP-1, zymography, silver staining, gene expression analysis and 

siRNA transfection. The details of these procedures are described in Supplemental Data.  
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Results 

Differentiation of human peripheral blood monocytes into mature M0-macrophages and 

macrophage polarization into M1- and M2-phenotypes  

Fractions of granulocytes and mononuclear cells were isolated from human peripheral blood. 

Granulocytic fraction was represented mostly by neutrophils (97-99%), and further separation 

of the mononuclear cells resulted in highly purified fractions of lymphocytes (96-99%) and 

monocytes (92-98%) (Figure 1A).  

To induce differentiation into macrophages, monocytes were incubated in the 

presence of M-CSF (Figure 1B). During 7-day differentiation, monocytic cells become larger 

and more flattened. Mature M0-macrophages were then polarized into M1-macrophages or 

M2-macrophages by induction with LPS/IFN-γ or IL-4, respectively. While polarization into 

M1-phenotype did not cause major changes in cell morphology, polarization towards M2-

phenotype yielded more rounded and loosely attached cells (Figure 1B).  

Immunocytochemical staining, highlighting mainly the intracellular protein pool, 

demonstrated that the macrophage mannose receptor (MMR, CD206), undetectable in 

purified neutrophils and monocytes, was marginally induced in M0-macrophages, suppressed 

during M1-polarization, but significantly elevated in M2-macrophages (Figure 1C). Flow 

cytometry indicated that only M2-macrophages expressed high levels of MMR on their cell 

surface (MFI data in Figure 1C and Supplemental Table S1). Differentiation of monocytes 

into M0-macrophages was accompanied by induction of α-arginase-1, which became 

undetectable during M1-polarization, while remaining unaffected in M2-macrophages 

(Figure 1D, top). The expression pattern of α-arginase-1 protein closely matched that of the 

ARG1 gene (Figure 1D, bar graph). Western blot and gene expression analyses indicated 

that M1-polarization was accompanied by induction of NOS2 and its encoded protein, iNOS 

(Figure 1E). Monocytes and M0-, M1- and M2-macrophages were also analyzed for several 

myeloid cell surface markers, including CD80, CD86 and CD181 (CXCR1) by flow 

cytometry (Supplemental Table S1), demonstrating variable levels of induction in all three 

types of macrophages.  

Together, our biochemical and marker analyses confirmed proper phenotypes of 

differentiated and polarized macrophages and validated their further comparisons in critical 

in vivo functional assays. 

 

 



 8

In Vivo Angiogenic potential of neutrophilic and monocytic leukocytes 

The live chick embryo model44 was used to compare the angiogenic potentials of neutrophils, 

monocytes, and macrophages of M0-, M1- and M2-phenotypes (Figure 2A, top). Collagen 

onplants, containing 1.5x104 cells of each type, were grafted on the CAM. Microscopic 

evaluation indicated high levels of angiogenesis induced by intact neutrophils and M2-

macrophages (Figure 2A, bottom). Quantitative analyses confirmed that neutrophils and M2-

macrophages induced the highest levels of angiogenesis (~8-12-fold over no-cell control), 

whereas undifferentiated monocytes yielded angiogenesis that barely exceeded background 

levels and M0-/M1-macrophages exhibited low to moderate angiogenesis-inducing abilities 

(Figure 2B).  

To verify that the angiogenic differential manifested by macrophages was not 

restricted to the avian system, we employed a quantitative mouse angiogenesis assay.28,34,42 

Similar to the CAM model, M2-macrophages in the murine system induced highest levels of 

angiogenesis compared to M0- or M1-macrophages as indicated by the appearance of 

angiotubes (Figure 2C, top) and quantification of their hemoglobin content (Figure 2C, 

scattergram). These data show that polarization of macrophages into M2-phenotype is 

accompanied by a substantial increase of their angiogenesis-inducing capacity.  

 

MMP-9 expression during monocyte differentiation into M0-macrophages and their 

polarization into M1- and M2-phenotypes  

Since high angiogenic potential of neutrophils has been associated with their pre-stored 

proMMP-9,31,34 we tested whether the angiogenic potentials of different types of 

macrophages are attributed to their secreted proMMP-9. We initially investigated the kinetics 

of proMMP-9 expression during macrophage differentiation and polarization. During 7-day 

maturation, monocytes morphologically change from loosely attached round cells to more 

firmly anchored mature macrophages (Figure 3A). Production of proMMP-9 was induced by 

day 3 and reached the highest levels between days 5 and 7 (Figure 3B, left), and was not 

significantly affected by M1- or M2-polarization (Figure 3B, middle). Analysis of MMP-9 

species produced by macrophages versus neutrophils indicated that in contrast to 3 distinct 

forms characteristic of neutrophil proMMP-9 (Figure 3B, right), the majority of macrophage 

proMMP-9 was represented by monomers with some dimer formation. Quantification of cell 

production of proMMP-9 against known amounts of recombinant human MMP-9 in the same 

gels, indicates that upon 30-60 min degranulation, neutrophils can release 1-2 µg of pre-
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stored proMMP-9 per 1x106 cells, while mature M0-macropages and polarized M1- and M2-

macrophages require 48 hr to secrete 0.5-5 µg per 1x106 cells (Figure 3B and Supplemental 

Figure S1A). This unique potency of neutrophils in supplying readily available proMMP-9 is 

further emphasized by immunofluorescent staining demonstrating that although M0-, M1-, 

and M2-macrophages are MMP-9-positive, the neutrophils are loaded with large cargo of 

MMP-9 (Figure 3C).  

 

Secreted proMMP-9 is responsible for angiogenic capacity of mature and polarized 

macrophages  

Using gelatin-Sepharose affinity chromatography, we isolated proMMP-9 from 30-min 

neutrophil releasate and from 48-hr CM of monocytes and M0-, M1-, and M2-macrophages, 

and confirmed that all monocytic cell types secrete mainly the 92-kDa proenzyme monomer 

(Supplemental Figure S1B). To characterize the angiogenic potential of proMMP-9 

produced by the different leukocytes, purified proMMP-9 was incorporated into collagen 

onplants at the same concentration of 1.1 nM (100 ng/mL; 3 ng per onplant) (Figure 4A, 

inset). Quantification of angiogenesis demonstrated that proMMP-9 produced by neutrophils 

and M2-macrophages yielded the highest levels of angiogenesis (Figure 4A, bar graph). In 

contrast, proMMP-9 produced by monocytes as well as from M0- and M1-macrophages 

induced relatively low levels of angiogenesis, even though equal amounts of proMMP-9 

purified from different cell types were used. To evaluate the putative contribution to 

angiogenesis of secreted proteins other than proMMP-9, we tested the gelatin-unbound 

fractions, which exhibited little or no zymography-detectable proMMP-9 but contained more 

than 95% of the total protein produced by the cells (inset in Figure 4B and Supplemental 

Figure S1B). These proMMP-9-depleted fractions were incapable to induce significant 

angiogenesis (Figure 4B, bar graph), indicating that most of angiogenesis-inducing moiety 

secreted by macrophages was comprised in their secreted proMMP-9. 

By employing mAb 7-11C, uniquely blocking activation of human proMMP-9,31 we 

determined that generation of MMP-9 enzyme from macrophage-produced zymogen was 

necessary for induction of angiogenesis. The mAb 7-11C or control, proMMP-9-binding but 

non-blocking, mAb 8-3H, was incorporated into cell-collagen onplants containing neutrophils 

or polarized macrophages. In parallel experiments, neutrophil releasates and CM from 

macrophages were tested instead of intact cells. The anti-MMP-9 mAb 7-11C caused a 

substantial, 80-90% reduction of angiogenesis induced by either intact cells (Figure 4C) or 

their secreted products (Figure 4D). The dramatic inhibition of MMP-9-induced 
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angiogenesis caused by mAb 7-11C allowed us to conclude that the angiogenic potential of 

neutrophils and polarized macrophages depends on the activation of their proMMP-9 to the 

catalytically competent MMP-9 enzyme. Furthermore, almost complete reduction of cell-

mediated angiogenesis by anti-MMP-9 activation-blocking antibody (Figure 4C), affirms the 

data in Figure 4B, demonstrating that the majority of in vivo angiogenic capacity of human 

myeloid cells was contained in their proMMP-9. There may be other angiogenic factors 

produced by M2-macrophages, but such putative factors appear far less potent than the 

proMMP-9 secreted by intact cells in vivo (Figure 4C) or in vitro (Figures 4B and 4D). 

 

TIMP-1 status of proMMP-9 produced by human monocytes and macrophages 

The varying levels of MMP-9-dependent angiogenesis induced by the same amounts of 

proMMP-9 purified from different inflammatory cell types (Figure 4A), suggested that 

structural or biochemical differences might determine the angiogenic potency of the secreted 

proMMP-9. Since high levels of angiogenic capacity of neutrophil proMMP-9 are determined 

by its TIMP-free status,31,34 we investigated whether relatively low angiogenic potentials of 

proMMP-9 produced by M0- and M1-macrophages could be attributed to complexed TIMP-

1, which would delay activation of MMP-9 zymogen and also reduce catalytic activity of the 

activated enzyme. Both CM and purified proMMP-9 preparations were analyzed by western 

blotting to determine correspondingly levels of TIMP-1 produced by different cell types and 

levels of TIMP-1 tightly bound to purified proMMP-9. The analysis of CM indicated that 

undifferentiated monocytes secrete the highest levels of TIMP-1, while producing the lowest 

levels of proMMP-9 (Figure 5A, top). Differentiation of monocytes into M0-macrophages as 

well as M1-polarization was accompanied by an overall reduction in TIMP-1 production. 

Importantly, the lowest amounts of TIMP-1 were secreted by the polarized M2-macrophages. 

Western blot analyses indicate that 1x106 neutrophils release 1-2 µg of proMMP-9 within 20-

30 min of induction, whereas macrophages require at least 24 hr to secrete the same amount 

of proMMP-9 (Figure 5A), corroborating our zymography quantifications (Figures 3B and 

Supplemental Figure S1A).  

When CM from different monocytic cell types was compared for angiogenic capacity, 

the levels of angiogenesis inversely correlated with the levels of secreted TIMP-1. Thus, 

levels of angiogenesis induced by M2-CM were comparable with those induced by neutrophil 

releasate, whereas CM from monocytes and M0-macrophages induced angiogenesis barely 

exceeding levels of no-cell control (Figure 5A, bar graph). Importantly, despite identical 
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amounts of proMMP-9, the angiogenic capability of M1-CM was less than half of M2-CM 

(Figure 5A). Of note, no inhibitory effects on angiogenesis were observed when M0-CM was 

mixed with M2-CM (Supplemental Figure S2), indicating that it is not the secretion of 

angiogenesis inhibitors by non-angiogenic macrophages, but rather the biochemical status of 

proMMP-9 produced by different types of macrophages that is responsible for the observed 

angiogenic differentials. These data also indicate that putative free TIMP-1 that might be 

present in CM from M0-macrophages did not inhibit TIMP-deficient proMMP-9 produced by 

M2-macrophages. 

Since angiogenic capacity and activation rates of proMMP-9 depend on the levels of 

bound TIMP-1,31,34 we determined the molar ratios of proMMP-9 to TIMP-1 in proMMP-9 

produced by different cell types (Figure 5B, top, and Supplemental Figure S1C). On 

average, monocytic proMMP-9 had a proMMP-9:TIMP-1 molar ratio of less than or equal to 

1.0 (Figure 5B, bar graph), indicating that all proMMP-9 molecules were complexed with 

TIMP-1. The molar ratios of the proMMP-9:TIMP-1 complexes produced by M0- and M1-

macrophages were between 1.4 and 2.0, indicating that only a portion (~25-50%) of the 

secreted proMMP-9 molecules was TIMP-1-free. On the other hand, M2-polarization, which 

results in diminishment of TIMP-1 secretion (Figure 5A), was accompanied by production of 

a proMMP-9 characterized by substantially reduced levels of bound TIMP-1. Based on 

densitometry analysis in comparison with recombinant proMMP-9 ladder (Supplemental 

Figure S1C), purified M2-macrophage complexes yielded the highest proMMP-9:TIMP-1 

molar ratios, on average reaching 12.1±0.9 (n=4) (Figure 5B) and indicating that at least 

90% of the proMMP-9 molecules secreted by M2-macrophages were TIMP-1-free. 

Noteworthy, neutrophils produce no TIMP-1 (Figures 5A and 5B), resulting in TIMP-free 

status of all their released proMMP-9 molecules and strongly suggesting that specific 

cytokine-induced TIMP-1 deficiency could be the underlying reason for high angiogenesis-

inducing capacity of proMMP-9 produced by M2-macrophages. 

To verify that cytokine-mediated M2-polarization was accompanied by 

downregulation of TIMP-1, we conducted a kinetic analysis of TIMP-1 and MMP-9 

expression in IL-4-treated macrophages. Gene expression analysis demonstrated relatively 

stable levels of Mmp9 mRNA during M2-polarization, while a significant reduction in Timp1 

expression was observed by 6 hr of IL-4 treatment(Figure 5C), followed by a substantial 

decrease in TIMP-1 protein within the next 12-48 hr of M2-polarization (Figure 5D).     

To investigate whether downregulation of TIMP-1 during M2-polarization was 

unique to IL-4, M0-macrophages were alternatively treated with IL-10 and IL-13, two 
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cytokines previously implicated in the induction of M2-phenotype.1,13,45 Similar to IL-4, both 

IL-10 and IL-13 sustained the expression of α-arginase-1 and did not induce expression of 

NOS2 (Supplemental Figure S3A). However, IL-10 and IL-13 significantly downregulated 

the levels of secreted TIMP-1, while not affecting the levels of proMMP-9 (Figure 5E). 

These data strongly indicate that TIMP-1 downregulation is a general mechanism underlying 

M2-polarization by different cytokines and not unique to IL-4 treatment. Furthermore, our 

angiogenesis assays demonstrated that CM from M0-macrophages treated with either IL-10 

or IL-13 was highly angiogenic and exhibited angiogenic potency comparable with that of 

IL-4-polarized M2-macrophages (Figure 5F). Finally, it appears that IL-4-induced shutdown 

of TIMP-1 during polarization towards M2-phenotype could be macrophage-specific since it 

did not occur in other hematopoietic lineages represented by two leukemia cell types, HL-60 

promyeloblasts and U-937 histiocytes, or in human cancer cells such as HT-1080 

fibrosarcoma (Supplemental Figure S4). 

Together, these data indicate that TIMP-1 downregulation and not the overall 

upregulation of proMMP-9 may be a general characteristic of M2-polarization.  

 

TIMP-1 functionally regulates the angiogenic potential of proMMP-9 

To confirm that the bound TIMP-1 determines the high angiogenic potential of proMMP-9 

produced by myeloid cells, we stoichiometrically complexed recombinant TIMP-1 with 

TIMP-free neutrophil proMMP-9 and TIMP-deficient M2-macrophage proMMP-9, and 

analyzed the angiogenic potential of resulting complexes. Western blot analyses confirmed 

the efficient, near stoichiometric 1:1 binding of TIMP-1 to neutrophil proMMP-9 and M2-

proMMP-9 (Figure 6A). The in vivo angiogenesis results show that the high angiogenic 

capacity of both neutrophil proMMP-9 and M2-macrophage proMMP-9 was 80-90% 

diminished if their proMMP-9 was stoichiometrically complexed with TIMP-1 (Figure 6B).  

To demonstrate that a TIMP-1 burden diminishes angiogenic potential of myeloid 

proMMP-9, we silenced TIMP-1 in mature M0- and M1-polarized macrophages by siRNA 

interference, and analyzed angiogenesis-inducing capacity of cells in comparison with M2-

macrophages. The treatment of M0- and M1-macrophages with TIMP-1 siRNA resulted in a 

substantial downregulation of TIMP-1 protein, but no significant effects on production of 

proMMP-9 (Figure 6C). The TIMP-1 siRNA treatment caused no significant effects on 

angiogenesis induced by the already TIMP-deficient M2-macrophages, confirming that the 

TIMP-1 siRNA treatment did not cause off-target effects or non-specifically induce 
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angiogenesis. However, the suppression of TIMP-1 expression in M0- and M1-macrophages 

caused a substantial, 3-5-fold increase in their ability to induce angiogenesis (Figure 6D). 

 Together, these findings indicate that within inflamed tissues, a high molar ratio of 

angiogenic proMMP-9 to anti-angiogenic TIMP-1 would be crucial during new blood vessel 

formation induced by polarized macrophages. 

 

Angiogenic potential of murine bone marrow-derived macrophages depends on their 

TIMP-deficient proMMP-9 

In order to corroborate our findings regarding angiogenic properties of human M2-

macrophages and M2-derived proMMP-9, we conducted a study of the angiogenic potential 

of murine macrophages. BM cells were isolated from WT or Mmp9-KO mice and grown in 

the presence of murine M-CSF. During cultivation, BM cells expressed increasing levels of 

macrophage-specific receptor F4/80. Within 6-9 days, almost 100% of BM cells expressed 

high levels of F4/80 (Supplemental Table S2), indicating that these cells became fully 

mature macrophages. M0-macrophages were polarized into M1- or M2-phenotypes by 

incubation with LPS/IFNγ or murine IL-4, respectively (Figure 7A). FACS analysis 

demonstrated MMR expression in both M0- and M1-macrophages, but only M2-polarization 

induced high levels of this marker on the cell surface (Supplemental Table S3). In both WT 

and Mmp9-KO macrophages, flow cytometry indicated similar levels of F4/80 expression 

across all macrophage phenotypes, whereas gene expression analysis confirmed proper 

expression of the genes known to be associated with M1-phenotype (Nos2, Tnf)46 and M2-

phenotype (Arg1, Mrc1, and Ym1)1,47 (Supplemental Figure S5). In addition, western blot 

analysis of cell lysates confirmed the reciprocal expression of iNOS and α-arginase-1 in M1- 

and M2-macrophages (Supplemental Figure S6).  

Following these confirmatory characterizations, we analyzed the expression levels of 

proMMP-9 and TIMP-1 in different types of murine macrophages. Western blot analysis 

documented the lack of MMP-9 production by any of Mmp9-KO macrophages and indicated 

that WT macrophages produced similar levels of proMMP-9 regardless of their phenotypic 

identity (Figure 7B, top). Importantly, M2-polarization resulted in almost complete loss of 

TIMP-1 secretion, independent of Mmp9 genetic status of murine macrophages (Figure 7B, 

bottom).  

We then compared the in vivo angiogenic potential of WT and Mmp9-KO M2-

macrophages. Providing a proof-of-principle, the angiogenic potential of M2-macrophages 
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depended on their Mmp9 status. Thus, the genetic lack of MMP-9 was associated with a 2.4-

fold decrease in angiogenic potency of Mmp9-KO M2-macrophages compared to WT 

counterparts (Figure 7C). A similar, 2.7-fold differential in angiogenic potency was also 

observed between CM from WT and Mmp9-KO M2-macrophages (Figure 7D). Importantly, 

the high angiogenic potential of CM from WT M2-macrophages was sensitive to addition of 

exogenous murine TIMP-1, further indicating that the enzymatic activity of MMP-9 was 

required and responsible for the bulk of angiogenic induction (Figure 7D). Demonstrating 

the lack of non-specific negative effects, the low levels of angiogenesis induced by Mmp9-

KO M2-macrophages were not affected by exogenous TIMP-1. 
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Discussion  

The initial angiogenic switch often requires the influx of mature neutrophils that release their 

secretory cargo containing highly angiogenic proMMP-9.24,28 Being naturally free of any 

complexed TIMP-1,33,48 neutrophil proMMP-9 is rapidly activated into a potent proteolytic 

enzyme releasing direct angiogenic factors, such as VEGF and FGF-2, sequestered in the 

ECM.31,34 The initial neutrophil influx24 is followed by infiltration by peripheral blood 

monocytes and bone marrow-derived myeloid cells, which differentiate into various 

subpopulations of tissue macrophages, including the M1- and M2-macrophages.4,8 The 

putative role of TAMs as myeloid cells that deliver pro-angiogenic proMMP-9 has been 

widely reported,16,17,36,37,49 but secretion of distinctively angiogenic proMMP-9 has not been 

linked specifically to tumor-promoting M2-macrophages. Therefore, the aim of this study 

was to determine the precise phenotype of human monocyte-derived macrophages that is 

capable of inducing high levels of angiogenesis in a proMMP-9-dependent manner. We have 

compared the angiogenesis-inducing capacities of macrophage cell precursors (monocytes), 

their differentiated progenies (mature M0-macrophages), and their polarized descendants 

(M1- and M2-macrophages), and extended our findings to murine BM-derived macrophages. 

In the in vivo angiogenesis assays employed in this study, neovascularization critically 

depends on initial supplementation of proMMP-9 or its delivery by the influxing 

inflammatory cells into onplants in chick embryos and angiotubes in mice.25,28,34 Therefore, 

these live animal models were specifically chosen to quantify the angiogenic capacities of the 

monocytic cells in relation to their produced proMMP-9, a molecule that has long been 

closely linked to the induction of angiogenesis.50 We have demonstrated that human M2-

macrophages indeed represent the monocytic cell type that is most capable of inducing levels 

of angiogenesis comparable with those induced by highly angiogenic neutrophils, whereas 

M0-mature macrophages and M1-polarized macrophages are much less angiogenic. 

Importantly, the MMP-9-affinity depletion of cell CM indicated that the major angiogenesis-

inducing capacity of all tested macrophages was contained in their secreted proMMP-9. 

Furthermore, the inhibitory effects of the unique function-blocking mAb 7-11C indicated that 

similar to neutrophil proMMP-9, the MMP-9 zymogen produced by M2-macrophages 

requires activation to exert its angiogenesis-inducing potency in live animals.  

In agreement with the dependency of our in vivo angiogenesis assays on proMMP-9, 

peripheral blood monocytes secreting little if any proMMP-9, exhibited almost no angiogenic 

capacity. The mature and polarized macrophages, producing elevated amounts of proMMP-9 
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over monocytes, exhibited substantially different levels of angiogenesis even though their 

proMMP-9 was supplied in equal amounts by intact cells, within the CM or as purified 

zymogen. Natural TIMP-1 complexing represented an alternative scenario to substantiate the 

low angiogenic potential of proMMP-9 produced by M0- and M1-macrophages. Several 

biochemical studies have demonstrated that encumbrance of proMMP-9 by TIMP-1 

negatively affects zymogen activation and diminishes the proteolytic activity of activated 

enzyme.31-34 By using live animal models, we have shown that TIMP-1 complexing to 

neutrophil proMMP-9 would ultimately abrogate induction of physiologic as well as 

pathologic angiogenesis.28,31,34 Herein, quantitative analysis of proMMP-9 purified from 

distinct monocytic cell types confirmed that the highly-angiogenic M2-macrophages had the 

lowest levels of TIMP-1 complexed with their proMMP-9. In contrast, near stoichiometric 

levels of TIMP-1 are naturally complexed with proMMP-9 that is secreted by low-angiogenic 

M0- and M1-macrophages, which upon siRNA-mediated downregulation of TIMP-1 become 

angiogenic, consistent with the dependency of angiogenesis on TIMP-free status of proMMP-

9. Reciprocally, IL-4-induced downregulation of TIMP1 expression in low-angiogenic M0-

macrophages renders the resulting M2-polarized macrophages with angiogenic capacity, 

which can now be attributed to the TIMP-1-deficient status of their secreted proMMP-9. Due 

to substantial decrease in TIMP-1 production upon M2-polarization, at least 90% of the 

proMMP-9 molecules secreted by M2-macrophages are not complexed with TIMP-1, making 

M2-proMMP-9 readily activatable in the tissue microenvironment.  

In the context of a pathologic microenvironment, IL-4 produced by T lymphocytes 

has been shown to enhance protumor functions of TAMs.49 In the present study, IL-4-induced 

shutdown of TIMP-1 in M2-polarized macrophages appears to be cell lineage-specific since it 

does not occur in other hematopoietic cell types represented by leukemia cells, HL-60 

promyeloblasts and U937 histiococytes, or in human cancer cells such as HT-1080 

fibrosarcoma. This unexpected finding cautions against straightforward extrapolations of 

observations on immortalized leukemia cell lines directly to natural leukocytes and their role 

in angiogenesis. Therefore, it is important that herein, innate monocyte-derived macrophages 

were employed for IL-4-induced polarization.  

To validate our findings generated with human cells, we have employed murine BM-

derived macrophages and demonstrated that their IL-4-induced M2-polarization also resulted 

in a dramatic downregulation of TIMP-1 and production of angiogenic TIMP-free proMMP-

9. Therefore, our newly established biochemical mechanisms underlying specific induction of 

angiogenesis by human macrophages could be extended to other mammalian species. 
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Furthermore, by comparing M2-macrophages from WT and Mmp9-KO mice, we not only 

directly linked murine M2-macrophages with production of a distinct angiogenesis-inducing 

MMP-9, but also demonstrated that the overall production of proMMP-9 is required since 

Mmp9-null M2-macrophages exhibited low angiogenic potential regardless that TIMP-1 was 

downregulated. Together with our previous studies on human and murine neutrophils,28,31,34 

the findings of the present study provide proof-of-principle that the mechanisms underlying 

in vivo angiogenesis critically depend on proMMP-9 supplied by specific subpopulations of 

BM-derived cells. 

In conclusion, we have demonstrated a critical requirement for specific inflammatory 

leukocytes from two different species to produce TIMP-1-free or TIMP-1-deficient proMMP-

9 in order to induce high levels of angiogenesis. For therapeutic purposes, it might be 

important to explore whether the M2→M1 switch, induced for example by IFNγ treatment of 

TAMs,51 would be accompanied by an induction of TIMP-1 expression and production of 

non-angiogenic, TIMP-1-encumbered proMMP-9. The current investigations in our 

laboratory would allow us also to answer whether TIMP-1 downregulation occurs in the 

actual tissue microenvironment during M2-polarization and whether alternatively activated 

M2-macrophages, e.g. M2-skewed TAMs in solid tumors, secrete TIMP-1-deficient and 

highly angiogenic proMMP-9. If so, the specific cytokine-induced downregulation of TIMP-1 

gene expression and production of TIMP-free MMP-9 will now constitute an additional 

marker of M2-subpopulation of TAMs responsible for fueling the formation of angiogenic 

blood vessels, the major conduits of tumor cell dissemination and metastasis.  
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Figure Legends 

Figure1. Maturation and polarization of human macrophages and expression of 

characteristic M1- and M2-markers.  

(A) Isolation of distinct cell populations from peripheral blood. Granulocytes, monocytes, 

and lymphocytes were fractionated from peripheral blood of healthy donors. Smears of whole 

blood and isolated cells were stained to analyze the purity of distinct cell populations. The 

representative images of stained cells demonstrate high purity fractions of neutrophils (97-

99% of granulocytic fraction), lymphocytes (96-99%), and monocytes (92-98% purity). 

Images were acquired using an Olympus BX60 microscope (Olympus America, Inc.; 

Melville, NY), equipped with a digital DVC video camera and high-performance ImageJ 

plugin acquisition software (DVC Company; Austin, TX), and processed using Adobe 

Photoshop. Objective lens, 40x.  

(B) Maturation and polarization of macrophages. Purified monocytes were incubated for 7 

days with M-CSF to differentiate into mature macrophages (M0-phenotype). The M0-

macrophages were then polarized for additional 2 days into M1-macrophages by substituting 

M-CSF for a mixture of LPS and IFNγ, and into M2-macrophages by stimulation with IL-4.  

Note the changes in morphology of rounded, loosely adherent monocytes to elongated, firmly 

adherent M0-macrophages, which retained their M0 morphology being polarized into M1-

macrophages and become more rounded and less adhesive upon M2-polarization. Phase 

contrast images were acquired using an Olympus CKX-41 microscope equipped with 

Olympus U-LS30-3 video camera (Olympus America, Inc.; Center Valley, PA) and Infinity 

Capture software (Lumenera, Ottawa, Canada), and processed using Adobe Photoshop. 

Objective lens, 20x.  

(C) Analysis of macrophage mannose receptor (MMR) expression. Immunocytochemical 

staining was performed for MMR (CD206) on permeabilized cells to visualize both cell 

surface and intracellular pools of the protein. The staining indicates that MMR (green) is not 

detectable in freshly isolated neutrophils and monocytes. MMR expression is moderately 

induced upon differentiation of monocytes into M0-macrophages, but is inhibited upon 

polarization into M1-macrophages. In contrast, M2-polarization is accompanied by 

substantial increase in the levels of MMR expression. Cell nuclei were stained with DAPI 

(blue). Images were acquired using a Carl Zeiss AxioImager M1m microscope equipped with 

AxioVision Re.4.6 software (Carl Zeiss Microscopy, LLC; Thornwood, NY), and processed 

using Adobe Photoshop. Objective lens, 40x. Inserted numerical data represent the levels of 
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cell surface expression of MMR as determined by flow cytometry. Indicated is mean 

fluorescence intensity determined after subtraction of non-specific values for mouse IgG. 

(D) Analysis of α-arginase-1 expression. Top panel, western blot analysis for α-arginase-1 

was conducted on cell lysates separated by SDS-PAGE under reducing conditions (40 µg 

protein per lane). The 38-kDa α-arginase-1 is detectable in M0- and M2-macrophages. 

Bottom panel, The blot was re-probed for β-actin (42 kDa), to provide a loading control. 

Position of mol. wt. markers in kDa is indicated on the left. Bar graph, analysis of ARG1 

gene expression. Quantitative analysis of ARG1 was performed on mRNA preparations 

isolated from monocytes and macrophages in comparison with the corresponding levels of 

housekeeping genes, GAPDH and ACTB. Gene expression levels were determined relative to 

monocytes (1.0). Both protein and gene expression analyses indicate that α-arginase-1 

expression is induced during maturation of macrophages from arginase-negative monocytes 

and is dramatically inhibited during M0-macrophage polarization into M1, but not M2 

phenotype.  

(E) Analysis of iNOS expression. Top panel, Cell lysates from mature and polarized 

macrophages (20 µg per lane) were analyzed for iNOS by western blotting under reducing 

conditions, confirming the induction of 130-kDa iNOS in M2-macrophages. Bottom panel, 

The blot was re-probed for α-tubulin (Biolegend) to provide equal loading control. Position 

of mol. wt. markers in kDa is indicated on the left. Bar graph, analysis of NOS2 gene 

expression. Quantitative analysis of NOS2 was performed on mRNA preparations isolated 

from macrophages in comparison with the corresponding levels of β-actin. Gene expression 

levels were determined relative to M0-macrophages (1.0). Both protein and gene expression 

analyses indicate that iNOS expression is induced during polarization of M0-macrophages 

towards M1-, but not M2-phenotype.  

 

Figure 2. Comparative analysis of angiogenic capabilities of human neutrophils, 

monocytes, and mature and polarized macrophages.  

(A) Angiogenic potential of intact leukocytes in the in vivo CAM angiogenesis model. Top, 

Freshly purified neutrophils and monocytes, and macrophages of M0-, M1-, and M2- 

phenotypes were incorporated into two-tier gridded 3D collagen onplants 

(3x104cells/onplant), which were grafted on the CAM of chick embryos. Images were 

acquired using an Olympus CKX-41 microscope equipped with Olympus U-LS30-3 video 

camera and Infinity Capture software, and processed using Adobe Photoshop. Objective lens, 
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20x. Bottom, After 76 hr of incubation, the onplants were scored for the presence of newly-

developed angiogenic vessels distinctly localized above the plane of the lower mesh grids 

(yellow arrowheads). Images were acquired using an Olympus binocular microscope SZ-PT 

(Olympus America, Inc.; Melville, NY) equipped with a DVC video camera and high-

performance ImageJ plugin acquisition software. Objective lens, 10x.  

(B) Angiogenesis-inducing capability of intact cells. The levels of angiogenesis were 

quantified for individual onplants as a ratio of grids containing new blood vessels to total 

number of scored grids, providing an angiogenic index. From 4 to 6 embryos, each grafted 

with 6 collagen onplants, were analyzed in 3 independent experiments. Scattergram presents 

fold changes in the levels of angiogenesis compared to negative no-cell (NC) control (1.0). 

Lines represent means of fold changes in angiogenic indices. ** P<0.01; ***, P<0.0001. 

(C) Comparative analysis of mature and polarized macrophages in the mouse angiotube 

model. Intact viable M0-, M1-, and M2-macrophages were incorporated into 2.5 mg/mL 

native collagen at 2x106 cells/mL. PBS was used as a negative, no-cell control (NC). 

Collagen mixtures were polymerized in the ~1-cm long tubes (angiotubes), which were 

surgically implanted under the skin of immunodeficient mice. The angiotubes were excised 

from the mice 12 to 14 days after implantation (images on the top). The contents of 

angiotubes were lysed in equal volumes of lysing buffer and hemoglobin concentration was 

determined, providing measurements of angiogenesis-inducing capacity of tested cells. 

Scattergram presents fold changes in the levels of angiogenesis induced by different 

macrophage types compared to negative NC control (1.0). Lines represent means of fold 

changes. Shown is a representative experiment from 2 independent experiments, each 

employing from 4 to 5 mice, each implanted with 4 angiotubes. **, P<0.01; ***, P<0.0001; 

between the means from the experimental groups versus NC control. 

 

Figure 3. Induction of proMMP-9 during maturation and polarization of human 

macrophages.  

(A) Morphological changes during monocytes differentiation into macrophages. Freshly 

isolated monocytes were incubated in the presence of M-CSF for 7 days. Note a gradual 

change in the morphology from rounded monocytes to elongated cells, first noticeable on day 

3 and representing almost all M0-macrophages by day 7. Images were acquired using an 
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Olympus CKX-41 microscope equipped with Olympus U-LS30-3 video camera and Infinity 

Capture software, and processed using Adobe Photoshop. Objective lens, 20x.  

(B) Kinetic analysis of proMMP-9 production during macrophage maturation and 

polarization. Left panels, Gelatin zymography was conducted on serum-free (SF) medium 

conditioned by 2x104 human monocytes cultured in the presence of M-CSF for 7 days and 

then polarized into M1- or M2-macrophages. The position of 92-kDa proMMP-9 monomer 

and ~200-kDa homodimer is indicated on the right. Human recombinant proMMP-9 was 

loaded to provide the means of quantification of proMMP-9 production. Right panel, 

Zymographic analysis of granule contents released by 1x104 neutrophils. The position of 92-

kDa proMMP-9 monomer, 125-kDa NGAL heterodimer, and ~200-kDa homodimer is 

indicated on the right. Human recombinant proMMP-9 (3 ng per lane) was run to estimate the 

MMP-9 load in neutrophils.  

(C) Immunofluorescent analysis of MMP-9 expression in isolated neutrophils and monocytes 

and mature and polarized macrophages. Macrophages were differentiated from monocytes 

cultured on coverslips, whereas purified neutrophils and monocytes were directly placed on 

coverslips after cell isolation. The cells were fixed and then stained for human MMP-9 with 

mAb 8-3H (green). Cell nuclei were contrasted with DAPI (blue). Images were acquired 

using a Carl Zeiss AxioImager M1m microscope equipped with AxioVision Re.4.6 software, 

and processed using Adobe Photoshop. Objective lens, 40x. 

 

Figure 4.  The secreted proMMP-9 and its activation determine angiogenesis-inducing 

capacity of human monocytes and macrophages.  

(A) Comparative analysis of angiogenesis-inducing capacity of purified proMMP-9 produced 

by different cell types. ProMMP-9 released by neutrophils or secreted into SF medium by 

monocytes or macrophages was purified by affinity chromatography and incorporated into 

collagen mixture to provide 3 ng proMMP-9 per onplant. Control onplants contained PBS 

only. Top, Zymographic images above the corresponding bars in the graph below indicate 

equal supplementation of proMMP-9 into the onplants. Triangles indicate positions of the 

monomer, heterodimer and homodimer of proMMP-9 released by neutrophils (left) and the 

proMMP-9 monomer secreted by monocytes and macrophages (right). Bar graph, The levels 

of angiogenesis were determined as described in Figure 2B. From 4 to 6 embryos, each 

grafted with 6 collagen onplants, were analyzed per variable in 3 independent experiments. 

The pooled data are shown as fold changes (means ± SEM) in the levels of angiogenesis 
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induced by proMMP-9 produced by different cell types compared to PBS control (1.0). Note 

that although all tested purified proMMP-9 induced angiogenesis at levels significantly 

higher than the levels observed in PBS control, equal amounts of proMMP-9 produced by 

distinct cell types induce different levels of angiogenesis ***, P<0.0001. 

(B) The angiogenesis-inducing capacity of the secretate produced by monocytes and 

macrophages is contained in proMMP-9. Top, The flow-through fractions depleted of 

proMMP-9 by affinity chromatography (compare zymographic images in B and A), but 

containing >95% of initial protein content (insets from silver stained gels positioned below 

zymographic images), were incorporated into collagen onplants at amounts equalized as to 

being produced by the same number of cells (1.5x104/onplant). Open triangle in the 

zymograph indicates the position where proMMP-9 band would be localized before 

depletion. Bar graph, The levels of angiogenesis were determined 3 days later as described in 

Figure 2B. The data are from a representative experiment employing from 4 to 6 embryos per 

variant. Bars are means ± SEM of fold-changes in the levels of angiogenesis induced by cell 

secretates depleted of proMMP-9 compared to PBS control (1.0).  

(C) Activation of proMMP-9 produced by intact cells is required for induction of 

angiogenesis. Intact neutrophils and M1- or M2-macrophages were incorporated into 

collagen onplants (1.5x104 cells/onplant), along with 2 µg/mL of either mAb 8-3H, which 

binds to proMMP-9, but does not block the activation of the proenzyme, or mAb 7-11C, 

which effectively blocks activation of proMMP-9 into the proteolytically-capable MMP-9 

enzyme. Control onplants contained PBS only. The levels of angiogenesis were determined 

as described in Figure 2B. For each variant, from 4 to 6 embryos grafted with 6 collagen 

onplants were analyzed in 2 independent experiments. The pooled data are shown as fold 

changes in the levels of angiogenesis induced by different cell types compared to PBS control 

(1.0). Bars are means ± SEM of fold changes in angiogenic indices. ***, P<0.0001. 

 (D) Activation of proMMP-9 secreted by macrophages is required for induction of 

angiogenesis. Neutrophil releasate and SF CM from M1- or M2-macrophages was 

incorporated into collagen onplants at 1.5 ng of proMMP-9 per onplant along with 2 µg/mL 

of MMP-9-specific mAbs, namely control mAb 8-3H or activation-blocking mAb 7-11C. 

Control onplants contained PBS only. The levels of angiogenesis were determined as 

described in Figure 2B. The data are from a representative experiment employing from 4 to 6 

embryos per variant. Bars are means ± SEM of fold changes in the levels of angiogenesis 
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induced by CM from different cell types compared to PBS control (1.0). **, P<0.005; ***, 

P<0.0001. 

 

Figure 5.  M2-polarization of human macrophages down-regulates TIMP-1 expression, 

resulting in production of highly-angiogenic TIMP-1-deficient proMMP-9.  

(A) Top, Production of proMMP-9 and TIMP-1 by monocytes and mature and polarized 

macrophages. Neutrophil releasate from 5x103 cells and SF medium conditioned by 2x104 

monocytic cells was analyzed by western blotting under non-reducing conditions for MMP-9 

and TIMP-1. Following transfer, the membrane was cut into two portions, which were probed 

for MMP-9 (top panels) and TIMP-1 (bottom panels). Human recombinant proMMP-9 and 

TIMP-1 were run at the indicated amounts to provide means for quantification of protein 

production. Positions of the 92-kDa monomer, 125-kDa heterodimer, and ~200-kDa 

homodimer of proMMP-9 and 28-kDa TIMP-1 are indicated on the left. Position of mol. wt. 

markers in kDa is indicated on the right. Bar graph, Comparative analysis of angiogenesis-

inducing capacity of monocytic cell-conditioned media. SF CM from monocytic cells and 

neutrophil releasate was incorporated at volumes providing equal amounts of proMMP-9 (3 

ng per collagen onplant). From 4 to 6 embryos, each grafted with 6 collagen onplants, were 

analyzed per variable in 5 independent experiments. Bar graph presents means ± SEM of fold 

changes in the levels of angiogenesis compared to no-cell control (NC, 1.0). ** P<0.01; ***, 

P<0.0001. 

(B) Top, Analysis of the levels of TIMP-1 naturally complexed with proMMP-9 produced by 

monocytes and mature and polarized macrophages.  ProMMP-9 was purified by affinity 

chromatography from neutrophil releasate and SF medium conditioned by monocytes or 

different types of macrophages. Western blot analysis of isolated proMMP-9 preparations 

was conducted under reducing conditions to determine the amount of TIMP-1 complexed 

with distinct proMMP-9 preparations. Note that the preparation of neutrophil proMMP-9 is 

completely devoid of TIMP-1 and that reduction led to collapsing of all neutrophil proMMP-

9 forms to the 92-kDa monomer species. Positions of purified proMMP-9 monomer and the 

complexed 28-kDa TIMP-1 are indicated on the left. Positions of mol. wt. markers are 

indicated on the right. Bar graph, The stoichiometric ratio of proMMP-9 to TIMP-1 in 

purified preparations of proMMP-9 from monocytes and macrophages were calculated based 

on standard amounts of recombinant proMMP-9 and TIMP-1, which were run in parallel in 

additional lanes of the same gel (see Supplementary Figure S1C). ***, P<0.0001. 
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(C) Gene expression analysis of MMP9 and TIMP1 during IL-4-mediated M2-polarization. 

M0-macrophages were introduced to 20 ng/mL IL-4 and mRNA was extracted from the cells 

at the indicated time points. Gene expression was analyzed by qRT-PCR relative to the levels 

of the corresponding gene (1.0) before addition of IL-4 (0 hr). Presented are data from one of 

4 independent experiments run in triplicates. ***, P<0.0001. 

(D) Western blot analysis of MMP-9 and TIMP-1 secretion during IL-4-mediated M2-

polarization. M0-macrophages were introduced to IL-4 for the indicated time (hr), and then 

switched to SF conditions.  Following 48-hr incubation, the samples of CM were analyzed for 

MMP-9 and TIMP-1 by western blotting. 

(E) Interleukin-mediated regulation of MMP-9 and TIMP-1 in M2-macrophages. M0-

macrophages were introduced to 20 ng/mL of human IL-4, IL-10, and IL-13, or left non-

treated (NT). Following 24-hr induction, the cells were switched to SF medium, and CM 

collected after 48 hr. CM was analyzed for MMP-9 and TIMP-1 by western blotting. Samples 

of CM were normalized to equal number of cells and processed by SDS PAGE on 4-20% gels 

under reducing conditions. After transferring of separated proteins, the membrane was cut 

horizontally and upper potion probed with anti-MMP-9 antibody, and lower portion with 

anti-TIMP-1 antibody. The position of mol wt. markers is indicated on the right. 

(F)  Angiogenic potential of IL-activated macrophages. Angiogenic potency of CM from M0-

macrophages induced by different interleukins (IL) was analyzed in the CAM assy. Data are 

from one out of 3 independent experiments, each involving from 4 to 6 chick embryos with 

5-6 collagen onplants. Bar graph presents means ± SEM of fold changes in the levels of 

angiogenesis compared to SF control (1.0). **, P<0.005 and ***, P<0.0001, in comparison 

with non-treated (NT) macrophages. 

 

Figure 6. TIMP-deficient status determines high angiogenic capacity of proMMP-9 

produced by human M2-polarized macrophages. 

(A) Complexing of neutrophil and M2-macrophage proMMP-9 with TIMP-1. Purified TIMP-

free neutrophil proMMP-9 and TIMP-deficient proMMP-9 produced by M2-macrophages 

was incubated with 5-fold molar excess of TIMP-1 and re-purified by affinity 

chromatography on gelatin Sepharose to remove unbound TIMP-1. The original and resulting 

preparations were analyzed by western blotting for 92-kDa MMP-9 and 28-kDa TIMP-1, 

confirming efficient complexing of TIMP-1 to proMMP-9. 
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(B) Encumbrance by TIMP-1 abrogates high angiogenesis-inducing capacity of proMMP-9. 

Preparations of original and TIMP-1-complexed proMMP-9 from neutrophils and M2-

macrophages were incorporated into collagen mixtures to provide 3 ng of proMMP-9 per 

onplant. The levels of angiogenesis were analyzed 3 days later in comparison to PBS control. 

The data are from a representative experiment performed employing from 4 to 6 embryos, 

each grafted with 6 collagen onplants, per condition. The data are presented as fold changes 

(means ± SEM) in the levels of angiogenesis induced by different proMMP-9 preparations 

compared to PBS control (1.0). ***, P<0.0001. 

 (C) Downregulation of TIMP-1 expression by siRNA treatment. After 7-day differentiation 

of monocytes into mature M0-macrophages and M0-macrophage polarization into M1- and 

M2-phenotypes, the cells were transfected with control or TIMP-1 siRNA constructs. CM 

from siRNA-treated mature M0- and polarized M1- and M2-macrophages was analyzed by 

western blotting for levels of proMMP-9 and TIMP-1. Note that TIMP-1 siRNA treatment 

did not affect the levels of proMMP-9 production, but significantly downregulated TIMP-1 

expression in M0- and M1-macrophages.  

(D) Downregulation of TIMP-1 in the TIMP-1-expressing M0- and M2-macrophages induces 

their angiogenic capacity. Low levels of TIMP-1 expression and production correlates with 

high levels of angiogenesis induced by mature and polarized macrophages. Mature M0- and 

polarized M1- and M2- macrophages were treated with control or TIMP-1 siRNA and 

incorporated into collagen mixtures to provide 1x104 cells per collagen onplant. Negative 

control contained no cells (NC). The data are presented as fold changes (means ± SEM) in 

the levels of angiogenesis compared to NC control (1.0). Note that significant 

downregulation of TIMP-1 in M0- and M1-macrophages results in a significant increase of 

their angiogenic capacity. **, P<0.01. 

 

Figure 7. Angiogenic potential of murine bone marrow-derived M2-macrophages 

depends on their TIMP-1-free MMP-9. 

 (A) Polarization of murine BM-derived macrophages.  M0-macrophages were generated 

from WT mice (top panels) or Mmp9-KO mice (bottom panels) by incubation of bone 

marrow cells in the presence of murine M-CSF. Following 7-day incubation, M0-

macrophages were incubated for 24 hr either in the mixture of IFNγ and LPS to induce M1-

phenotype or with IL-4 to induce M2-phenotype. Phase contrast images were acquired using 
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an Olympus CKX-41 microscope equipped with Olympus U-LS30-3 video camera and 

Infinity Capture software, and processed using Adobe Photoshop. Objective lens, 20x.  

(B) Western blot analysis of MMP-9 and TIMP-1 produced by mature and polarized murine 

macrophages. Following maturation and polarization, murine macrophages were switched to 

SF medium. CM was collected 48 hr later and analyzed for production of MMP-9 and TIMP-

1. Control proteins, murine recombinant proMMP-9 (105 kDa) and TIMP-1 (28 kDa), were 

loaded in the wells of the same gel to provide the means of quantification. After SDS-PAGE 

and transfer, the membrane was cut horizontally and the upper potion probed with anti-

murine MMP-9 antibody, whereas lower potion – with anti-TIMP-1 antibody. The position of 

mol wt. markers is indicated on the left. 

(C) Angiogenic capacity of murine M2-macrophages depends on expression of MMP-9. 

Intact M2-macrophages generated from bone marrow of WT or Mmp9-KO mice were 

incorporated into 3D-collagen onplants and analyzed in the CAM angiogenesis assay. SF 

medium was used as a negative no-cell (NC) control. The data are from 2 independent 

experiments, each involving from 4 to 6 embryos, each bearing from 5 to 6 onplants. Bar 

graph presents means ± SEM of fold changes in the levels of angiogenesis compared to NC 

control (1.0). * and **, P<0.05 and <0.01, in comparison to angiogenesis levels induced by 

WT M2-macrophages. 

(D) Angiogenic capacity of murine M2-macrophages is sensitive to TIMP-1. M2-

macrophages generated from bone marrow of WT or Mmp9-KO mice were incubated in SF 

medium for 48 hr. CM was incorporated into 3D-collagen onplants alone or with 4 ng of 

recombinant murine TIMP-1 per onplant. SF medium was used as a negative control. Data 

are from 2 independent CAM experiments, each involving from 4 to 6 embryos per variant (5 

to 6 onplants per embryo). Bar graph presents means ± SEM of fold changes in the levels of 

angiogenesis compared to SF control (1.0). *, **, and ***, P<0.05, <0.01, and <0.0001, all in 

comparison to angiogenesis levels induced by WT M2-macrophages. 
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