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Summary
Inflammation contributes to vascular disease progression. However, 
the role of circulating inflammatory molecules on microvascular en-
dothelial cell (mECs) is not fully elucidated. The aim of this study was 
to investigate the effects of the short pentraxin CRP on microvascu-
lar endothelial cell angiogenic function. Subcutaneously implanted 
collagen plugs seeded with human mECs exposed to monomeric 
CRP (mCRP) in mice showed formation of an extended network of 
microvessels both in the plug and the overlying skin tissue, while 
mECs exposure to pentameric native CRP (nCRP) induced a much 
milder effect. To understand the mechanisms behind this angiogenic 
effects, mECs were exposed to both CRP forms and cell migration, 
wound repair and tube-like formation were investigated. nCRP ef-
fects were moderate and of slow-onset whereas mCRP induced 
rapid, and highly significant effects. We investigated how circulating 
nCRP is transformed into mCRP by confocal microscopy and western 

blot. nCRP is transformed into mCRP on the mECs membranes in a 
time dependent fashion. This transformation is specific and in part 
receptor dependent, and the formed mCRP triggers F3 gene tran-
scription and TF-protein expression in mECs to induce angiogenesis. 
F3-silenced mECs are unable to form angiotubes. In agreement, 
mCRP induced upregulation of the TF signalling pathway in mECs 
with downstream phosphorylation of AKT and activation of the tran-
scription factor ETS1 leading to increased CCL2 release. The circu-
lating pentraxin nCRP with little pro-angiogenic effect when dissoci-
ated into mCRP on the surface of mECs is able to trigger potent 
proangiogenic effects by inducing F3-gene upregulation and TF sig-
nalling.
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Introduction

C-reactive protein (CRP) is a member of the pentraxin family se-
creted by the liver and found in the circulation as a pentamer 
formed by five identical, non-covalently associated 23 kDa 
monomers (1). Increased CRP levels are associated with increasing 
risk of cardiovascular events (2, 3).

Circulating pentameric CRP (native CRP (nCRP)) can undergo 
dissociation into its monomeric form (mCRP), which has different 
biological properties from those of nCRP. mCRP is localised in 
 fibrous tissues of normal blood vessel intima (4), in inflamed tis-
sues (5) and it accumulates in human atherosclerotic lesions (6) 
where it colocalises with macrophages (7) and vascular smooth 

muscle cells (VSMC) (8). Our group reported that local synthesis 
of CRP could contribute to carotid plaque neovascularisation and 
to an increased risk of atherosclerotic plaque haemorrhagic trans-
formation (6), even contributing to the likelihood of athero-
sclerotic plaque rupture (9). Angiogenic function evaluated in vitro 
with bovine aortic endothelial cells (BAECs) indicated that mCRP 
could be a potent inducer of angiotube formation (10). However a 
mechanistic analysis on how the inflammatory pentraxins induce 
angiogenesis was still missing.

In vivo angiogenesis is predominantly mediated by microvas-
cular endothelial cells (mECs) sprouting from preexisting 
vessels, leading primarily to new capillaries (11). Angiogenesis 
and also inflammation appear to play a role in the process of 
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plaque instability and plaque disruption. Angiogenesis is often 
found in the early vessel wall remodelling, and it favours leuko-
cyte and macrophage infiltration in growing atherosclerotic 
lesions. Previous studies have reported that microvessel density 
was increased in coronary plaques prone to rupture (AHA-clas-
sification coronary type VI plaques) (12) and in ruptured and 
lipid-rich plaques when compared with fibrocalcific lesions 
(13).

Endothelial cells have a heterogeneous phenotype. Indeed, 
large vessel luminal ECs in direct contact with circulating blood, 
such as the ECs in the coronary arteries, do not express tissue 
factor (TF), whereas vasa vasorum in normal plaques and intra-
plaque mECs show endogenous TF expression (14). TF is a 
multifunctional signalling receptor involved in blood coagu-
lation and in intraluminal arterial thrombosis triggered when in-
flammatory plaque content is exposed to circulating blood (15, 
16). Beyond its thrombotic effects TF is involved in cell signal-
ling (14, 17, 18).

We previously reported that mCRP, but not native pentameric 
CRP, significantly enhanced platelet activation, adhesion, and 
thrombus growth under arterial flow conditions (19). Further, we 
have recently shown that mCRP generated by the dissociation of 
nCRP on the surface of platelets attached to collagen (20) or to 
purified biological substrates has immediate prothrombotic effects 
(21).

Here our objective was to identify the mechanisms behind the 
angiogenic effect of CRP. We report that a) mECs promote CRP 
dissociation into mCRP; and, b) operative intracellular TF-signal-
ling is required to induce the pro-angiogenic mCRP effects in 
mECs.

Material and methods
CRP isoforms obtention

High purity human native CRP (Calbiochem, Billerica, MA, 
USA) was stored in 10 mmol/l Tris, 140 mmol/l NaCl buffer (pH 
8.0) containing 2 mmol/l CaCl2 to prevent spontaneous 
formation of mCRP. mCRP was obtained by urea chelation from 
purified human CRP as previously described in the same low 
ionic strength buffer (19, 22). CRP preparations were processed 
and tested to avoid contaminants; as such, preparations were dia-
lysed in large Tris-HCl buffer volumes to fully remove sodium 
and endotoxin levels were below the detection limit of the limu-
lus assay.

Blood collection

Freshly drawn venous blood from non-smoking healthy volun-
teers with informed consent was collected in 10 U/ml sodium he-
parin. Blood samples were kept at room temperature, and used 
within 2 hours (h) of collection. Donors claimed not to have taken 
any medication during two weeks prior to blood extraction. Pro-
cedures were approved by the Clinical Research Committee of the 
Hospital de la Santa Creu i Sant Pau.

Cell culture

Human microvascular endothelial cells (HMEC-1) were a kind 
gift from the Centre of Disease Control (Atlanta, GA, USA) (23). 
mECs (HMEC-1) were cultured in MCDB131 media (Invitrogen, 
Carlsbad, CA, USA) and supplemented with 10 % fetal bovine 
serum (FBS), 2 mM glutamine (Invitrogen) and 50 mg/ml gen-
tamicin (Invitrogen) as previously reported (14, 18, 24). mECs 
were cultured in normoxic (21 % O2) conditions in an incubator 
with standard gas mixture (74 % N2 and 5 % CO2). Additionally, 
mECs were cultured in hypoxic (1 %O2) conditions in a Hipoxic/
Anoxic Workstation:H35 (Don Whitley Scientific LTD.) with 94 % 
N2 and 5 % CO2.

Angiogenesis assay in vivo

All animal experiments were performed under approved protocols 
of the institutional animal use and care committee. Angiogenesis 
was investigated as previously described (14, 18, 25). Briefly, 1 × 
107 mECs were suspended in 300 µl of Matrigel containing nCRP 
or mCRP (at 1, 3 or 10 µg/ml) and injected subcutaneously in 
nude mice. All mice were euthanised at seven days post-injection. 
Plugs and the surrounding skin were visualised macroscopically 
(Leica AF 6000LX Stereomicroscope with digital camera DFC, 8 
bits of resolution, objective 1.0×0.03/1.0×0.09, Leica, Wetzlar, Ger-
many). Skin and plugs were fixed, embedded and stained with ap-
propiate antibodies, or extracted for haemoglobin quantification. 
Negative control plugs contained only Matrigel. When indicated 
the experiment was performed with siRNA-random and siRNA-
TF-mECs.

Haemoglobin quantification

Haemoglobin quantification was performed as previously de-
scribed (26). Briefly, the Matrigel plugs were homogenised in 500 
µl water on ice and cleared by centrifugation at 200g for 6 minutes 
(min) at 4ºC. The supernatant was collected and used in triplicate 
to measure haemoglobin content with Drabkin’s reagent (Sigma-
Aldrich, St. Louis, MO, USA) according to manufacturer instruc-
tion. The absorbance was measured at 540 nm.

Angiotube formation in a 3D basement membrane

Three-dimensional (3D) cultures were prepared on three-di-
mensional basement membrane (BD Matrigel™) (BD Bios-
ciences, San Jose, CA, USA) as described (18). Cells were cul-
tured for different times. Control and treated mECs migration 
was investigated by real-time acquisition of images at 30-min in-
tervals for 8 h (Leica DMIRE2). Images of five randomly selected 
areas of each plate were acquired, digitalised, and processed with 
Leica Software TCS-AOBS. The total tub length and the area 
covered by tubes from three independent experiments were 
measured.
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Transwell migration assay

Chemotaxis assays were carried out with Transwell chambers. 
mECs were plated into modified Boyden chambers (Corning Co-
star Corp., Corning, NY, USA) as described (14). Briefly, 6.5 nm 
transwell chambers with 8 µm pores (Corning) were coated with 
10 µg/ml of type I collagen (Sigma) for 2 h at 37º C. A total of 5 × 
104 cells/well were placed in the upper chamber and the lower 
chamber was filled with 500 µl of media containing nCRP (1, 3 or 
5 µg/ml) or mCRP (1, 3 or 5 µg/ml). After 4 h at 37º C, cells that 
migrated to the bottom of the membrane were fixed and stained 
with Diff-Quick (VWR Scientific Products, Radnor, PA, USA). 
The total number of migrated cells was determined by counting 
five fields in each well per experimental condition using a phase-
contrast microscope (magnification, ×20).

Cell migration assay

Cells were seeded in 35 mm glass bottom sterile culture dishes 
until reaching confluence. The confluent cell monolayer was 
wounded by manually scraping with a soft sterile 200 µl pipette 
tip to create a double-sided wound. Confluent cultures (after 
scapping) of mECs were incubated with mCRP (0, 3 and 5 
µg/ml) and with nCRP (0, 3, 5 µg/ml). Cell migration and wound 
repair were analysed over a period of 8 h (37 °C) with 10 % FBS. 
Images were taken under a 10× lens, using an inverted micro-
scope (Leica DMIRE2). The area free of cells in each field was 
calculated using ImageJ software, and values were averaged. 
Measurements were made at time 0 and during cell migration. 
Cell migration and wound repair were quantified by measuring 
the residual cell-denuded area. Quantisation was done by 
measuring the distance to the wound edge of the migrating as 
previously reported (14). Values were expressed as a percentage 
of the cell-covered area at time 0 and at the time to wound clo-
sure, as previously reported (27).

In a second approach, a multi-scratch wound-repair assay was 
performed. mEC were seeded on 90 mm diameter dish grown in 
the presence of serum and grown to confluence. The medium was 
changed 16 h before wounding. Confluent cells were injured with 
multiple parallel scratches by scraping with 0.1–2 µl tips across the 
dish (more than 50 % of cells were detached from the dish). Cells 
were incubated in the presence or absence of 3 µg/ml mCRP. Cells 
were allowed to migrate repairing the wound for 4 h and RNA and 
protein were isolated. The objective was to collect cells in mi-
gration and we produced scratches to have more than 60 % of 
wounded area (28, 29).

The experiments were performed in normoxic and hypoxic 
conditions.

CRP dissociation assay

Briefly, 2 × 105 mECs were seeded on 35 mm glass bottom sterile 
culture dishes. Cells were kept in MCDB131 supplemented with 
10 % FBS for 14 h. Cells were then incubated with nCRP (3 µg/ml) 
for 8 h (37 °C). The experiments were performed under normoxic 

and hypoxic conditions. Cells were processed for immunofluores-
cence, or extracted for protein and RNA analysis.

In order to study cell receptors involved in CRP dissociation, 
mECs were incubated for 1 h with blocking antibodies against 
CD32 (100 µg/ml) (AF1330 and AF1257 respectively, R&D Sys-
tems, Minneapolis, MN, USA). Then, cells were treated with 
nCRP (3 µg/ml) and incubated over a period of 8 h (37 °C). These 
experiments were performed under normoxic conditions. Cells 
were processed for immunofluorescence to detect mCRP ex-
pression on the cell membrane.

Immunofluorescence staining

Cells were rinsed with phosphate-buffered saline (PBS) pH 7.4 and 
fixed with 3.8 % paraformaldehyde for 15 min. Fixed slides were 
washed with PBS and incubated in blocking buffer. Then, they 
were incubated in Signal Enhancer for 30 min and washed again. 
Immunodetection of CRP isoforms was performed with the 
monoclonal antibodies against nCRP (clone 1D6) and mCRP 
(clone 8C10), kindly provided by Dr LA Potempa. Cell nuclei were 
counterstained with Hoechst 33342 (Hoechst, Frankfurt, Ger-
many).

Five-µm-thick frozen Matrigel plug sections were prepared for 
immunostaining as described (30). Controls were stained with sec-
ondary antibodies only.

Images were recorded by Leica inverted fluorescence confocal 
microscope (Leica TCS SP2-AOBS) and coverslides were viewed 
with HCX PL APO 20X/0.7 IMM Corr and HCX PL APO 63x/1.2 
W Corr/ 0.17 CS objectives. Fluorescent images were acquired in a 
scan format of 1024 × 1024 pixels in a spatial data set (xyz or xzy) 
and were processed with the Leica Standard Software TCS-AOBS. 
Controls with no primary antibody and controls without cells 
showed no fluorescence labeling.

Protein isolation

Briefly, supernatants were collected and cells were washed twice 
with PBS. Cells were scraped and stored frozen (-80 ºC) and super-
natants were precipitated with acetone during at least 1 h at -20ºC.

Endothelial cells were sequentially extracted based on differen-
tial protein solubility (31). Tris-soluble (cytosolic) fraction and 
urea-detergent soluble (cytoskeleton/membrane) fractions were 
obtained. Sample contaminants (salts, lipids, etc.) of protein 
extracts from cells and supernatants were removed with a com-
mercial kit (2D-CleanUp Kit, Amersham Biosciences, Amersham, 
UK) and protein concentration was measured with 2D-Quant Kit 
(Amersham Biosciences) as indicated by the manufacturer.

Western blot analysis

Cell supernatants and membranes (25 µg protein) were resolved 
by SDS-PAGE and electrotransferred to nitrocellulose membranes. 
Detection was performed with: monoclonal antibodies against 
nCRP (clone 1D6) and mCRP (clone 8C10), rabbit TF antibody 
(American Diagnostica, Stamford, CT, USA), rabbit anti-phospho-
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Akt Ser473 antibody, rabbit anti-Akt antibody (Cell Signalling, 
Danvers, MA, USA), rabbit anti-phospho-Ets-1 Thr38 antibody 
(Novus Biological, Littleton, CO, USA), and mouse Ets-1 (1G11) 
(Abcam, Cambridge, UK). Band densities were determined with 
the ChemiDoc™ XRS system (Bio-Rad, Hercules, CA, USA) in 
chemiluminescence detection mode and analysed with Quantity-
One software (Bio-Rad).

Real-time PCR

RNA from cell lysates extracted by RNeasy isolation kit (Qiagen, 
Hilden, Germany) was reverse transcribed. mRNA levels were 
analysed by real time PCR. Assays were used for TF 
(Hs00175225m1), and CD32 (Hs01634996_s1 and hCG1642498 
(Thermo Fisher Scientific, Waltham, MA, USA) as described (14). 
Human GAPDH (4326317E) (Thermo Fisher Scientific) was used 
as an endogenous control. Taqman real time PCR was performed 
as previously described (32). mRNA expression was quantified 
and normalised by GAPDH.

Silencing RNA (siRNA)

F3 and CD32 silencing by siRNA were performed with a Nucleo-
fector device and its corresponding kit (Amaxa Inc., Cologne, Ger-
many). The transfection protocol was performed following manu-
facturer’s instructions using the T16 program, as we have pre-
viously reported (14). The scrambled siRNA or annealed pre-de-
signed siRNA against TF (s4932), and CD32 (s194408 and s5073) 
were purchased from Thermo Fisher Scientific. In all experiments, 
a scrambled siRNA was used as control.

Tissue factor procoagulant activity

Briefly, 200 × 103 cells were seeded on 35 sterile culture dishes with 
500 µl of media containing nCRP (0, 1, 3 or 5 µg/ml) or mCRP (1, 
3 or 5 µg/ml). After 2, 4, 6, 8, and 24 h cells supernatant was col-
lected and tissue factor procoagulant activity (TF-PCA) was 
measured by using a commercially available chromogenic FXa 
generation assay (Actichrome TF, American Diagnostica) follow-
ing the manufacturer’s instructions.

CRP proliferation assay

To determine CRP dependent mECs proliferation cells were incu-
bated with nCRP (0,1, 3 or 5 µg/ml) or mCRP (1, 3 or 5 µg/ml). 
After 2, 4, 6, 8, and 24 h cells were harvested, ethanol (70 %) fixed 
overnight at -20ºC, stained with propidium iodide (50 µg/ml) fol-
lowed by flow cytometry analysis.

Statistical analysis

Results are expressed as mean ± SEM and tested for statistical sig-
nificance by the two-tailed Student’s t-test or ANOVA, followed by 
the Dunnett’s test, to determine statistical significance between 
treatments. P<0.05 was considered statistically significant.

Results
Angiogenesis assay in vivo
To investigate the in vivo effects of CRP we subcutaneously inocu-
lated nude mice with mECs suspended in Matrigel. Three condi-
tions were investigated: control cells, nCRP exposed (1, 3 and 10 
µg/ml)-mECs and mCRP exposed (1, 3 and 10 µg/ml)-mECs. An-
giogenesis, both in the Matrigel plug and in the overlying skin tis-
sue, was evaluated after seven days. nCRP at low concentrations (1 
and 3 µg/ml) did not stimulate the formation of blood- filled 
microvessel (▶ Figure 1 A Matrigel plug; ▶ Figure 1 B haemoglo-
bin concentration). Only the highest nCRP concentration (10 
µg/ml) induced the development of thin microvessels (p<0.01). 
mCRP induced a statistically significant formation of thin and 
long blood-filled microvessels from the lowest tested dose of 1 
µg/ml. Quantification of haemoglobin content in the retrieved 
plugs indicated competent neovessels (▶ Figure 1 B). mCRP-mECs 
plugs had a significantly increased blood-perfused neovessel net-
work formed at all tested concentrations (p<0.01 at 1 µg/ml, and 
p<0.001 at 3 µg/ml and 10 µg/ml). The statistical comparison be-
tween the two CRP forms demonstrated that the effect of mCRP 
was significantly higher at all concentrations (p<0.05 at 1 and 3 
µg/ml, and p<0.01 at 10 µg/ml).

As shown in ▶ Figure 1 A (bottom), the skins overlying the 
plugs were analysed. There was little vascularisation over plugs 
containing nCRP-mECs. Only the highest nCRP dose (10 µg/ml) 
induced a mild but significant vascularisation (p<0.05). Instead 
vascularisation over mCRP-mECs plugs was highly significant 
(▶ Figure 1 C). These results indicate that mCRP is able to induce 
angiogenesis in vivo rapidly and efficiently. The mechanisms be-
hind this significant in vivo pro-angiogenic effect of mCRP were 
further investigated in in vitro experiments.

Endothelial tube formation assay

To understand mCRP-induced angiogenesis we first tested mCRP 
effects in 3D-BM cultures (▶ Figure 2 A). Both CRP forms in-
duced formation of angiotubes but with different patterns and 
density. The appearance and distribution of the angiotubes in 
mCRP treated mECs was very different from that obtained in un-
treated mECs or in mECs treated with nCRP (▶ Figure 2 A). 
mCRP induced newly formed tubes that connected in a very com-
plex way to form fairly extensive networks while nCRP produced 
individual capillary-like tube formation. In fact, the quantification 
of the area covered by tubes revealed that mCRP, at any tested con-
centration, induced a significantly larger network of angiotubes 
than control cells (p<0.01 at 1 µg/ml and p<0.001 at 3 and 5 µg/ml) 
and nCRP-mECs (p<0.01 at 3 µg/ml and p<0.001 at 1 and 5 
µg/ml) (▶ Figure 2 B-C). Representative larger images of nCRP 
and mCRP-induced tube formation, shown in ▶ Figure 2 D, evi-
dence the different angiotube network density induced by the two 
CRP forms.
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Figure 1: Effect of CRP in angiogenesis assay in vivo. Blood vessels 
formed in Matrigel plugs and skin tissue in vivo. Seven days after implan-
tation the tumour and the surrounding skin were removed. A) Top: Control 
human mECs and mECs treated with 1, 3 or 10 µg/ml of either nCRP or 
mCRP. Scale bar: 5 µm. Bottom: A macroscopic view of representative skin 
tissue seven days after injection of Matrigel plugs. Scale bar: 1 mm. Images 
are representative from three animals for each group. B) Colourimetric deter-

mination of haemoglobin concentration in Matrigel plugs. Seven days after 
implantation, plugs were removed and haemoglobin content analysed. C) 
Quantification of tube % covered area. Bars represent the mean ± SEM 
(N=3). Statistical analysis was performed by ANOVA followed by the Dun-
nett’s test to determine statistical significance between doses and Student’s 
t-test between treatments (*p<0.05, **p<0.01 and ***p<0.001 vs control).
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Chemotaxis and wound healing assay

In the chemotaxis assay, we observed that whereas nCRP did not 
induce mECs migration, mCRP significantly induced mEC motil-
ity, achieving a significant difference from controls at 3 µg/ml of 
mCRP (p<0.05) (▶ Figure 3 A). The difference between the two 
CRP forms was significant at all tested concentrations (p<0.05 at 1 
µg/ml and p<0.001 at 3 and 5 µg/ml).

Wound-repair analysis indicated that the time to closure and 
the kinetics of cell repair were also differentially affected by both 
isoforms (▶ Figure 3 B-C). Representative images of phase-
contrast micrographs after 4 h of incubation are shown in ▶ Fig-
ure 3 B. The analysis of cell coverage rate (covered surface/time) 
during the first 2 h of incubation showed that both CRP forms in-
duced a faster repair of the wounded area than untreated cells. 
However, mCRP induced a faster repair than nCRP (p<0.01 and 
p<0.001 at 3 and 5 µg/ml) (▶ Figure 3 C). Accordingly, time to 
wound closure was significantly shorter with mCRP (▶ Figure 
3 D). The short time period in the migration assay (interval of 4-6 
h) is below cell doubling time and along with Boyden chamber re-
sults evidence that both CRP forms affect migration rather than 
proliferation.

In a parallel experiment with multi-scratch wounding, to analyse 
the effect of hypoxia, we evidenced that mCRP (3 µg/ml) also in-
duced rapid repair (within 4 h) in hypoxic conditions (▶ Figure 3 E).

CRP induces tissue factor expression in mECs

We had previously shown that in mECs autocrine TF-signalling 
induced migration and angiogenesis (18) . Indeed, upregulation of 
F3 transcription in migrating mECs was already detectable at 2 h 
and peaked at 4 h (18), times compatible with the functional 
changes evidenced by treating mECs with mCRP. Therefore we in-
vestigated whether the effects of mCRP on mECs-angiogenesis 
could be mediated by triggering F3 upregulation and TF-signal-
ling. Real time PCR experiments showed that mECs treated with 
mCRP (3 µg/ml) for 4 h significantly increased TF mRNA levels 
both in normoxic and hypoxic conditions (p<0.05) (▶ Figure 4 A, 
D). Interestingly, TF mRNA levels were induced by mCRP but not 
by nCRP (3 µg/ml /4 h) (p<0.05) (▶ Figure 4 B, E). Accordingly, 
TF protein levels expressed on mECs cells were significantly in-
creased only after mCRP treatment (p<0.05) (▶ Figure 4 C, F). We 
had previously shown that autocrine TF-signalling in mECs in-
duced phosphorylation of Akt and Ets and upregulation of CCL2 

expression. Accordingly mCRP 3 µg/ml treated mECs, after 0, 2, 4, 
6, 8 h of culture showed upregulation of phospho-Akt and of 
phospho-Ets-1 (▶ Figure 4 G). The release of CCL2, marker of TF-
induced mEC-angiogenesis (18), was significantly increased in 
mCRP exposed microvascular endothelial cells (▶ Figure 4 H).

mCRP, TF and mECs migration

To determine whether upregulation of F3 transcription and TF 
protein signalling mediated CRP-induced migration, the F3 gene 
was silenced in mECs and migration analysed as described above 
by wound-repair analysis. Silencing of the F3 gene by siRNA-TF in 
mECs induced a reduction of 88+-2.5 % in mRNA transcripts and 
disappearance of the TF-protein band (tested by Western blot), as 
previously reported. Apoptosis in response to TF silencing was in-
vestigated by TUNEL and there were negligible levels of TUNEL-
positive cells after silencing (3 ± 1 % in scrambled siRNA treated 
cells and 2 ± 1 % in siRNA-TF treated cells), similarly to what we 
have previously shown (14, 18).

Migration was analysed as described above and the area under 
curve (AUC) after 6 h showed that mCRP treated cells repaired the 
wound at a significantly faster rate than the controls (scrambled-
siRNA-mECs) in normoxic and hypoxic conditions (p<0.001 and 
p<0.05, respectively) (▶ Figure 5 A-B). The cell growth kinetics 
(measured by cell covered area) evidenced that mECs exposed to 
mCRP migrated faster from the beginning (Suppl. Figure I, avail-
able online at www.thrombosis-online.com). Silencing TF ab-
rogated the effects of CRP on mEC-migratory function, in both 
normoxia and hypoxia (▶ Figure 5 A-B). The evaluation of time to 
wound closure (TWC) similarly showed that silencing-TF pro-
longed TWC. All together these results indicate that the effects of 
CRP on migration are mediated by F3 gene expression (▶ Figure 
5 C-D).

mCRP and mECs procoagulant activity

We determine the procoagulant effect of nCRP and mCRP on 
mECs (Suppl. Figure I, available online at www.thrombosis-online.
com). The cell supernatant exhibited increased procoagulant activ-
ity (PCA) only in incubations at the highest nCRP concentration 
(5 µg/ml), PCA was increased in a time-dependent fashion reach-
ing significance at 6 h (p<0.05). On the contrary, PCA of mECs ex-
posed to mCRP was increased in a concentration- and time-de-
pendent fashion at all concentrations (1, 3, and 5 µg/ml) from 2 h 
until 8 h. At 24 h, mECs procoagulant activity (nCRP and mCRP 
exposed cells) were at levels of the control cells.

mCRP and mECs-proliferation

We evaluated the modifications in the cell cycle induced by nCRP 
and mCRP (1, 3, and 5 µg/ml) in a time-dependent fashion. Cell 
cycle analysis by flow cytometry did not show significant differ-
ences in the expression patterns between CRP forms, concen-
trations, or incubation times (Suppl. Figure II, available online at 
www.thrombosis-online.com).

Figure 2: mCRP induces microvessel formation in mECs. A) Phase-
contrast micrographs showing the morphology of human mECs treated with 
different concentrations of nCRP or mCRP for 8 h in 3DBM culture Original 
magnification ×10 (N=3). Scale bar: 100 µm. The area covered by tubes (B) 
and average of total tube length (C) were measured. Three independent ex-
periments were run with each plate being measured at five randomly se-
lected areas. Values are mean ± SEM. Statistical analysis was performed by 
ANOVA followed by the Dunnett’s test (*p<0.05, **p<0.01 and ***p<0.001 
vs control). D) 3 µg/ml of nCRP or mCRP for 8 h in 3DBM culture. Original 
magnification ×10 (N=3). Scale bar: 100 µm.
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mCRP, TF and angiogenesis

In vivo angiogenesis was tested as above, by subcutaneously inoculat-
ing nude mice with matrigel containing F3-silenced-mECs or with 
random-siRNA- controls, with and without mCRP (3 µg/ml) (▶ Fig-

ure 5 E). mCRP induced angiogenesis in F3-expressing cells but could 
not induce angiogenesis in F3 silenced cells. Additionally, mCRP did 
not rescue angiotube formation in TF silenced mECS. Quantification 
of haemoglobin content showed that competent neovessel formation 
was not induced when F3 was silenced in mECs (▶ Figure 5 F).

Figure 3: Effect of CRP 
in mEC migration.  
A) Chemotaxis assay in 
Boyden chamber. Bars rep-
resent the mean ± SEM 
(N=3). Statistical analysis 
was performed by ANOVA 
followed by the Dunnett’s 
test (*p<0.05, **p<0.01 
and ***p<0.001 vs nCRP 
or control). B) Phase-
contrast micrographs 
showing the wounded 
area covered by mECs 
treated with different con-
centrations of nCRP or 
mCRP after 4 h of incu-
bation. Original magnifi-
cation ×10 (N=3). Scale 
bar: 100 µm. C-D) 
 Migration wound-repair 
assay. Growth kinetics 
measured by the velocity 
of coverage during 2 h of 
incubation (cell covered 
area (%) / Time (h)) (C) 
and the time to wound 
closure (N=4) (D). Statisti-
cal analysis was performed 
by ANOVA and Student’s 
t-test between treatments 
(*p<0.05, **p <0.01 and 
***p<0.001 vs ctrl). E) Mi-
gration assay after multi-
scratch wounding. Con-
fluent cultures were 
wounded by a multi-
scratch procedure and 
 incubated for 4 h in the 
presence or absence of 3 
µg/ml mCRP. Experiments 
were performed in norm-
oxic and hypoxic condi-
tions. Results are express-
ed as cells coverage area 
(%) relative to initial 
point. (N=4). Statistical 
analysis was performed by 
Student’s t-test 
(***p<0.001 vs control).
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Figure 4: CRP induces 
F3 transcription and TF 
signalling in human 
microvascular endothe-
lial cells. mECs were in-
cubated with nCRP (3 
µg/ml) or mCRP (3 µg/ml) 
in (A-C) normoxic and 
(D-F) hypoxic conditions. 
In A-D, F3 transcript levels 
were measured in mECs 
before and after 4 h of in-
cubation with mCRP In 
B-E, F3 transcription regu-
lation by nCRP and mCRP. 
Results are expressed as 
relative (mean ± SEM; 
N=4). C, F) TF protein lev-
els by Western blot at 4 h 
normalised by β-actin 
(control ± SEM; N=3). 
Statistical analysis was 
performed (A, D) by Stu-
dent’s t-test and (B-C; E-F) 
by ANOVA test (*p<0.05 
vs ctrl or time 0). G) West-
ern blots of mCRP 3 µg/ml 
treated HMEC-1 after 0, 2, 
4, 6, 8 h of culture. West-
ern blots show phospho-
Ets, Ets protein, phospho-
Akt and the Akt protein. To 
test for the equal loading, 
Western blots were rep-
robed for β-actin. n = 4. H) 
Concentration of CCL2 in 
the supernatants of en-
dothelial cells incubated 
with mCRP (3 µg/ml).

All together these results suggest that functional tissue factor 
gene expression is required for mCRP-induced pro-angiogenic ef-
fects in vivo as well as previously seen in vitro.

CRP is dissociated by mECs-membranes

nCRP showed the potential to induce migration but at a delayed 
time with respect to mCRP (Suppl. Figure III, available online at 
www.thrombosis-online.com). Therefore, we investigated whether 
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Figure 5: Tissue factor (TF) is required for CRP pro-angiogenic ef-
fects in human microvascular endothelial cells (mECs). Confluent cul-
tures of HMEC-1 or HMEC-1 F3-siRNA monolayers were wounded by scrap-
ing and incubated with nCRP (3 µg/ml) or mCRP (3 µg/ml) in (A, C) normoxic 
and (B, D) hypoxic conditions. Growth kinetics (A-B) by area under the curve 
of the cell covered area relative to initial point after 6 h and (C-D) by the time 
to wound closure. (N=3). Statistical analysis was performed by ANOVA fol-
lowed by the Dunnett’s test (*p<0.05; **p<0.01 and ***p<0.001 vs scr-

siRNA). E) Blood vessels formed in Matrigel plugs in vivo. Vascularity of 
HMEC-1 Scr-siRNA or HMEC-1 F3-siRNA with and without 3 µg/ml mCRP 
was photographed. Images are representative from three animals for each 
group. Original magnification, 10X; scale bar 1000 mm. F) Colourimetric de-
termination of haemoglobin concentration in Matrigel plugs. Seven days 
after implantation, Matrigel plugs were removed to analyse the haemoglo-
bin content. Bars represent the mean ± SEM (N=3). Statistical analysis was 
performed by Student’s t-test (***p < 0.001 vs ctrl).

D
ow

nl
oa

de
d 

by
: C

S
IC

 -
 C

en
tr

o 
N

ac
io

na
l d

e 
Q

ui
m

ic
a 

O
rg

an
ic

a.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



© Schattauer 2017 Thrombosis and Haemostasis 2/2017

367

nCRP undergoes dissociation into mCRP by interacting with 
mECs and then triggering neovessel formation.

mECs were exposed to nCRP, afterwards supernatants were re-
moved and cell membranes were blotted with antibodies against 
nCRP and mCRP. Whereas nCRP was reduced (and almost disap-
peared from mECs membranes) in a time-dependent fashion 
(▶ Figure 6 A), mCRP (absent up to 2 h) appeared on the mECs 
membrane in a time-dependant fashion. The cells and supernatants 
collected at 2-h intervals for up to 8 h confirmed the confocal 
microscopy observations. Whereas nCRP on supernatants were 
slowly disappearing with prolonged incubation time, reaching a 
statistically significant reduction after 6 h (p<0.05) (▶ Figure 6 B), 
mCRP was increasingly appearing with prolonged incubation time 
in the cell membrane (p<0.05) (▶ Figure 6 C). Similar results were 
obtained when cells were cultured under hypoxic conditions 
(Suppl. Figure IV, available online at www.thrombosis-online.com).

mCRP dissociation on the mECs membranes was found par-
tially dependent on CD32. Pre-incubation of mECs with CD32 
blocking antibodies significantly reduced nCRP to mCRP trans-

formation as seen by confocal microscopy (▶ Figure 6 D). The com-
puter assisted morphometric image analysis indicated that blocking 
CD32 significantly reduced nCRP to mCRP transformation 
(p<0.01) (▶ Figure 6 E). In fact at long incubation times (from 4-8 
h) monomerisation into mCRP was abrogated in mECs without 
available membrane CD32 receptor (▶ Figure 6 D). The same re-
sults were obtained when CD32 was silenced (▶ Figure 6 D-F).

Discussion

Inflammation plays a crucial role in atherosclerosis (33), and it has 
been associated to exacerbated angiogenesis although the mechan-
isms are not known (34–36). Inflammation might specifically 
exert distinct effects on the microcirculation of different target or-
gans affecting their function when acute phase proteins, as CRP 
are released to plasma from the liver (1).

CRP seems to be not only a predictive biomarker but also a 
causal factor on cardiovascular disease progression (37). As an 

Peña et al. CRP isoforms and angiogenesis

Figure 6: nCRP is dissociating into mCRP in mECs membrane. A) Rep-
resentative confocal images of the nCRP treated mEC cultures after 2, 4, 6 
and 8 h of incubation in normoxic conditions. Images show double immuno-
fluorescence staining of nCRP or mCRP (green) as indicated and Hoechst dye 
to stain nuclei (blue). Scale bar: 10 µm. B-C) Western blot analysis of nCRP on 
supernatant (B) and mCRP in mEC (C). Data are given as mean (normalised 
with Ponceau staining or with β-actin) ± SEM (N=3). Statistical analysis was 
performed by ANOVA followed by the Dunnett’s test (*p<0.05 vs time 0). D) 
Confluent cultures of mECs were preincubated for 1 h with anti-CD32 (100 

µg/ml) or siRNA CD32 in normoxic conditions. Then, all were treated with 
nCRP (3 µg/ml) and mCRP was detected after 4 and 8 h of incubation. Repre-
sentative confocal images of double immunofluorescence staining of mCRP 
(green) and Hoechst (blue). Scale bar: 10 µm. E) mCRP in mECs was quanti-
fied by computer-assisted image morphometric analysis. Data are given as 
mCRP positive area per cell (µm2/cell) ± SEM (N=3). Statistical analysis was 
performed by Student’s t-test (*p<0.05; **p<0.01 vs control). F) mCRP 
formation from 4 to 8 h of incubation (N=3). Statistical analysis was perform-
ed by Student’s t-test (***p<0.001 vs control).
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What is known about this topic?
• CRP may directly contribute to endothelial dysfunction.

• Pentameric liver-released form and the monomeric CRP form have 
different effects. 

• In platelets the receptor involved in CRP monomerisation was the 
heterodimer GPIIb-IIIa.

What does this paper add?
• mCRP exerts potent angiogenic effects on microvascular endothe-

lial cells. 

• CRP dissociates into mCRP on the surface of microvascular en-
dothelial cells partially via the Fc receptor CD32. 

• mCRP induces angiogenic effects by upregulation of F3 gene 
transcription and TF signalling a protein that signals to induce an-
giogenesis. 

 effector molecule, growing data suggests that CRP may directly 
contribute to endothelial dysfunction (38). However, the mechan-
ism by which CRP may affect angiogenic function has not been 
elucidated. In addition, we are starting to evidence that the penta-
meric liver-released form and the monomeric CRP form have dif-
ferent effects. In the present study we demonstrate that mCRP ex-
erts potent angiogenic effects on microvascular endothelial cells. 
We also describe a link between mCRP and procoagulant activity. 
In addition we report for the first time that CRP dissociates into 
mCRP on the endothelial cell membrane and that the mCRP in-
duces angiogenic effects by upregulation of F3 gene transcription 
and TF signalling.

Endothelial cells could be directly activated by mCRP through 
its interaction with lipid raft microdomains to mediate pro-in-
flammatory cellular responses (39) . mCRP is the bioactive con-
formational form triggering proinflammatory effects on the en-
dothelium (40, 41). Growing evidence indicated that generation of 
mCRP can occur spontaneously by oxidative stress, low pH, and 
bioactive lipids from activated or damaged cells, but it can be ac-
celerated in vivo under pathological conditions by bioactive lipids 
such as lysophosphatidylcholine exposed on the surface of acti-
vated or damaged cells. Previous studies described the effect of 
native CRP on endothelial cells with no detectable changes before 
4 h (38, 42, 43). The CRP induction became detectable only after 
6-12 h of incubation, reaching maximal effects at 24 h coinciding 
with in vitro kinetics of dissociation into subunits (44). Our study 
shows that nCRP can induce TF expression after a 4-h incubation 
period. In human phagocytes and in endothelial cells, native CRP 
binds primarily to Fcγ receptor IIa (CD32) and to some extent to 
FcγRI (CD64) (41, 45). It has been reported that CRP increases en-
dothelial expression of CD32 in human and bovine aortic en-
dothelial cells (HAECs and BAECs) (41, 46), and that CD32 can 
contribute to the proatherogenic effects of CRP (47). In mECs the 
expression of CD64 is very low (data not shown), therefore we 
studied the relative role of CD32 in CRP-monomerisation. We 
demonstrate that mCRP transformation was abolished when 

CD32 Fcγ receptor was blocked (by siRNA or by a specific anti-
body) in the microvascular endothelial cells. We found a signifi-
cantly reduced CRP monomerisation indicating a receptor-regu-
lated process. In platelets we previously showed that the receptor 
involved in CRP monomerisation was the heterodimer glycopro-
tein IIb-IIIa (21).This mechanism should occur mainly in loci with 
chronic or persistent inflammation (e. g. atherosclerotic lesions), 
where CRP is significantly up-regulated and interaction with 
microvascular endothelial cells is increased.

We hypothesised that the pro-angiogenic effects of mCRP in 
mECs were dependent on an operative F3 gene. TF the protein en-
coded by the F3 gene is a transmembrane signalling receptor ex-
pressed in ECs (48) and involved in inflammation (18) and angio-
genesis (49) being a central player in arterial wall remodelling (25). 
Previous studies showed that in mECs autocrine TF signalling (14) 
as well as monocyte-derived Wnt-5 (50) contributes to neovessel 
formation. The maturation of the newly formed microvessels was 
facilitated by TF- induced CCL2 secretion that recruited HVSMCs 
toward ECs (14). This mature neovessel formation via CCL2 ex-
pression and release was mediated by transcription factor Ets-1 
upregulation and activation (18). Wu et al. (51) observed TF ex-
pression in carotids of CRP-transgenic mice, associated the protein 
to vascular smooth muscle cells and concluded that TF expression 
is triggered by native CRP-induced reactive oxygen species gener-
ation and Cirillo et al. (52) reported native CRP-induced prolifer-
ative effects on the vessel wall, both ECs and VSMCs. Here we are 
specifically studying mCRP-effects on microvascular endothelial 
cells and have identified that only mCRP is able to induce F3 up-
regulation and to significantly elevate TF protein levels in mECs. 
We also provide evidence that mCRP are associated with an in-
creased pro-coagulant activity in the microvascular endothelial 
cells secretome. The pro-angiogenic effects of mCRP are abrogated 
by F3 gene silencing, clearly showing the importance of TF in the 
process. Finally, mCRP induces pAKT, pETS1 and CCL2 secre-
tion, following the pattern of activation of TF-induced signalling. 
Therefore, activation of the axis F3-TF-ETS1-CCL2 is required for 
the pro-angiogenic function of mCRP.

Conclusion

In conclusion, our data show that in microvascular endothelial 
cells mCRP induces angiogenesis in vivo and promotes migration, 
wound repair and tube-like formation.

The circulating CRP pentameric form that circulates in blood 
after its secretion by the liver can be dissociated into monomers on 
the surface of microvascvular endothelial cells partially via the Fcγ 
receptor CD32 and once monomerised CRP triggers angiogenic 
effects by inducing TF-signalling.

Acknowledgements
Authors are indebted to M. Pescador for her technical assistance. 
We also thank Dr. L. Potempa for kindly providing the antibodies 
against mCRP and nCRP.

D
ow

nl
oa

de
d 

by
: C

S
IC

 -
 C

en
tr

o 
N

ac
io

na
l d

e 
Q

ui
m

ic
a 

O
rg

an
ic

a.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



© Schattauer 2017 Thrombosis and Haemostasis 2/2017

369

Conflicts of interest
None declared.

References
1. Black S, Kushner I, Samols D. C-reactive Protein. J Biol Chem 2004; 279: 

48487–48490.
2. Vilahur G, Badimon L. Biological actions of pentraxins. Vascular Pharmacol 

2015; 73: 38-44.
3. Braunwald E. Creating controversy where none exists: the important role of 

C-reactive protein in the CARE, AFCAPS/TexCAPS, PROVE IT, REVERSAL, A 
to Z, JUPITER, HEART PROTECTION, and ASCOT trials. Eur Heart J 2012; 
33: 430–432.

4. Diehl EE, Haines GK, 3rd, Radosevich JA, et al. Immunohistochemical locali-
sation of modified C-reactive protein antigen in normal vascular tissue. Am J 
Med Sci 2000; 319: 79–83.

5. Rees RF, Gewurz H, Siegel JN, et al. Expression of a C-reactive protein neoan-
tigen (neo-CRP) in inflamed rabbit liver and muscle. Clin Immunol Imuno-
pathol 1988; 48: 95–107.

6. Krupinski J, Turu MM, Martinez-Gonzalez J, et al. Endogenous expression of 
C-reactive protein is increased in active (ulcerated noncomplicated) human ca-
rotid artery plaques. Stroke 2006; 37: 1200–1204.

7. Eisenhardt SU, Habersberger J, Murphy A, et al. Dissociation of pentameric to 
monomeric C-reactive protein on activated platelets localizes inflammation to 
atherosclerotic plaques. Circ Res 2009; 105: 128–137.

8. Yasojima K, Schwab C, McGeer EG, et al. Generation of C-reactive protein and 
complement components in atherosclerotic plaques. Am J Pathol 2001; 158: 
1039–1051.

9. Turu MM, Slevin M, Matou S, et al. C-reactive protein exerts angiogenic effects 
on vascular endothelial cells and modulates associated signalling pathways and 
gene expression. BMC Cell Biol 2008; 9: 47.

10. Slevin M, Matou-Nasri S, Turu M, et al. Modified C-reactive protein is express-
ed by stroke neovessels and is a potent activator of angiogenesis in vitro. Brain 
Pathol 2010; 20: 151–165.

11. Carmeliet P. Angiogenesis in health and disease. Nature Med 2003; 9: 653–660.
12. Juan-Babot JO, Martinez-Gonzalez J, Berrozpe M, et al. [Neovascularisation in 

human coronary arteries with lesions of different severity]. Revista Espan Car-
diol 2003; 56: 978–986.

13. Moreno PR, Fuster V. New aspects in the pathogenesis of diabetic atherothrom-
bosis. J Am Coll Cardiol 2004; 44: 2293–2300.

14. Arderiu G, Pena E, Aledo R, et al. Tissue factor regulates microvessel formation 
and stabilisation by induction of chaemokine (C-C motif) ligand 2 expression. 
Arterioscl Thromb Vasc Biol 2011; 31: 2607–2615.

15. Toschi V, Gallo R, Lettino M, et al. Tissue factor modulates the thrombogenicity 
of human atherosclerotic plaques. Circulation 1997; 95: 594–599.

16. Badimon JJ, Lettino M, Toschi V, et al. Local inhibition of tissue factor reduces 
the thrombogenicity of disrupted human atherosclerotic plaques: effects of tis-
sue factor pathway inhibitor on plaque thrombogenicity under flow conditions. 
Circulation 1999; 99: 1780–1787.

17. Wilcox JN, Smith KM, Schwartz SM, et al. Localisation of tissue factor in the 
normal vessel wall and in the atherosclerotic plaque. Proc Natl Acad Sci USA 
1989; 86: 2839–2843.

18. Arderiu G, Pena E, Aledo R, et al. Ets-1 transcription is required in tissue factor 
driven microvessel formation and stabilisation. Angiogenesis 2012; 15: 657–669.

19. Molins B, Pena E, Vilahur G, et al. C-reactive protein isoforms differ in their ef-
fects on thrombus growth. Arterioscl Thromb Vasc Biol 2008; 28: 2239–2246.

20. Molins B, Pena E, de la Torre R, et al. Monomeric C-reactive protein is pro-
thrombotic and dissociates from circulating pentameric C-reactive protein on 
adhered activated platelets under flow. Cardiovasc Res 2011; 92: 328–337.

21. de la Torre R, Pena E, Vilahur G, et al. Monomerisation of C-reactive protein 
requires glycoprotein IIb-IIIa activation: pentraxins and platelet deposition. J 
Thromb Haemost 2013; 11: 2048–2058.

22. Kresl JJ, Potempa LA, Anderson BE. Conversion of native oligomeric to a modi-
fied monomeric form of human C-reactive protein. Int J Biochem Cell Biol 
1998; 30: 1415–1426.

23. Ades EW, Candal FJ, Swerlick RA, et al. HMEC-1: establishment of an immor-
talized human microvascular endothelial cell line. J Invest Dermatol 1992; 99: 
683–690.

24. Arderiu G, Pena E, Aledo R, et al. Tissue factor-Akt signalling triggers microves-
sel formation. J Thromb Haemost 2012; 10: 1895–1905.

25. Pena E, Arderiu G, Badimon L. Subcellular localisation of tissue factor and 
human coronary artery smooth muscle cell migration. J Thromb Haemost 2012; 
10: 2373-2382.

26. Ferrer-Lorente R, Bejar MT, Tous M, et al. Systems biology approach to identify 
alterations in the stem cell reservoir of subcutaneous adipose tissue in a rat 
model of diabetes: effects on differentiation potential and function. Diabetolo-
gia 2014; 57: 246-256.

27. Lugano R, Pena E, Badimon L, et al. Aggregated low-density lipoprotein induce 
impairment of the cytoskeleton dynamics through urokinase-type plasminogen 
activator/urokinase-type plasminogen activator receptor in human vascular 
smooth muscle cell. J Thromb Haemost 2012; 10: 2158–2167.

28. Etienne-Manneville S, Hall A. Integrin-mediated activation of Cdc42 controls 
cell polarity in migrating astrocytes through PKCzeta. Cell 2001; 106: 489–498.

29. Hall A. Rho GTPases and the control of cell behaviour. Biochem Soc Transact 
2005; 33: 891–895.

30. Carrio M, Arderiu G, Myers C, et al. Homeobox D10 induces phenotypic rever-
sion of breast tumor cells in a three-dimensional culture model. Cancer Res 
2005; 65: 7177–7185.

31. Molins B, Pena E, Padro T, et al. Glucose-regulated protein 78 and platelet de-
position: effect of rosuvastatin. Arterioscl Thromb Vasc Biol 2010; 30: 
1246–1252.

32. Camino-Lopez S, Llorente-Cortes V, Sendra J, et al. Tissue factor induction by 
aggregated LDL depends on LDL receptor-related protein expression (LRP1) 
and Rho A translocation in human vascular smooth muscle cells. Cardiovasc 
Res 2007; 73: 208–216.

33. Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis. Circulation 
2002; 105: 1135–1143.

34. Naldini A, Carraro F. Role of inflammatory mediators in angiogenesis. Curr 
Drug Targets Inflamm Allergy 2005; 4: 3–8.

35. Szekanecz Z, Koch AE. Mechanisms of Disease: angiogenesis in inflammatory 
diseases. Nature Clin Pract Rheumatol 2007; 3: 635–643.

36. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nature Med 2000; 
6: 389–395.

37. Ridker PM, Danielson E, Fonseca FA, et al. Rosuvastatin to prevent vascular 
events in men and women with elevated C-reactive protein. N Engl J Med 2008; 
359: 2195–2207.

38. Pasceri V, Willerson JT, Yeh ET. Direct proinflammatory effect of C-reactive 
protein on human endothelial cells. Circulation 2000; 102: 2165–2168.

39. Ji SR, Ma L, Bai CJ, et al. Monomeric C-reactive protein activates endothelial 
cells via interaction with lipid raft microdomains. FASEB J 2009; 23: 1806–1816.

40. Khreiss T, Jozsef L, Potempa LA, et al. Conformational rearrangement in 
C-reactive protein is required for proinflammatory actions on human endothe-
lial cells. Circulation 2004; 109: 2016–2022.

41. Devaraj S, Du Clos TW, Jialal I. Binding and internalisation of C-reactive pro-
tein by Fcgamma receptors on human aortic endothelial cells mediates biologi-
cal effects. Arterioscl Thromb Vasc Biol 2005; 25: 1359–1363.

42. Pasceri V, Cheng JS, Willerson JT, et al. Modulation of C-reactive protein-me-
diated monocyte chaemoattractant protein-1 induction in human endothelial 
cells by anti-atherosclerosis drugs. Circulation 2001; 103: 2531–2534.

43. Verma S, Li SH, Badiwala MV, et al. Endothelin antagonism and interleukin-6 
inhibition attenuate the proatherogenic effects of C-reactive protein. Circu-
lation 2002; 105: 1890–1896.

Abbreviations

nCRP: pentameric C-reactive protein form, mCRP: monomeric C-reac-
tive protein form, HMEC-1: Human microvascular endothelial cells, 
F3: Tissue factor gen, TF: Tissue factor, VSMC: Vascular smooth muscle 
cells, BAEC: Bovine aortic endothelial cells, mECs: microvascular en-
dothelial cells, siRNA: Silencing RNA.

Peña et al. CRP isoforms and angiogenesis

D
ow

nl
oa

de
d 

by
: C

S
IC

 -
 C

en
tr

o 
N

ac
io

na
l d

e 
Q

ui
m

ic
a 

O
rg

an
ic

a.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



Thrombosis and Haemostasis 2/2017 © Schattauer 2017

370

44. Wang HW, Sui SF. Dissociation and subunit rearrangement of membrane-
bound human C-reactive proteins. Biochem Biophys Res Commun 2001; 288: 
75–79.

45. Bharadwaj D, Stein MP, Volzer M, et al. The major receptor for C-reactive pro-
tein on leukocytes is fcgamma receptor II. The J Exp Med 1999; 190: 585–590.

46. Escribano-Burgos M, Lopez-Farre A, del Mar Gonzalez M, et al. Effect of 
C-reactive protein on Fcgamma receptor II in cultured bovine endothelial cells. 
Clin Sci 2005; 108: 85–91.

47. Hein TW, Qamirani E, Ren Y, et al. Selective activation of lectin-like oxidized 
low-density lipoprotein receptor-1 mediates C-reactive protein-evoked en-
dothelial vasodilator dysfunction in coronary arterioles. Circ Res 2014; 114: 
92–100.

48. Parry GC, Mackman N. Transcriptional regulation of tissue factor expression in 
human endothelial cells. Arterioscl Thromb Vasc Biol 1995; 15: 612–621.

49. Versteeg HH, Peppelenbosch MP, Spek CA. Tissue factor signal transduction in 
angiogenesis. Carcinogenesis 2003; 24: 1009–1013.

50. Arderiu G, Espinosa S, Pena E, et al. Monocyte-secreted Wnt5a interacts with 
FZD5 in microvascular endothelial cells and induces angiogenesis through tis-
sue factor signalling. J Mol Cell Biol 2014; 6: 380–393.

51. Wu J, Stevenson MJ, Brown JM, et al. C-reactive protein enhances tissue factor 
expression by vascular smooth muscle cells: mechanisms and in vivo signifi-
cance. Arterioscl Thromb Vasc Biol 2008; 28: 698–704.

52. Cirillo P, Golino P, Calabro P, et al. C-reactive protein induces tissue factor ex-
pression and promotes smooth muscle and endothelial cell proliferation. Car-

Peña et al. CRP isoforms and angiogenesis

D
ow

nl
oa

de
d 

by
: C

S
IC

 -
 C

en
tr

o 
N

ac
io

na
l d

e 
Q

ui
m

ic
a 

O
rg

an
ic

a.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.


