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Abstract
In patients with ANCA-associated vasculitis, interactions between neutrophils and 
endothelial cells cause endothelial damage and imbalance. Endothelial colony-forming 
cells (ECFCs) represent a cellular population of the endothelial lineage with prolifera-
tive capacity and vasoreparative properties. This study aimed to evaluate the angio-
genic capacity of ECFCs of patients with granulomatosis with polyangiitis (GPA). The 
ECFCs of 13 patients with PR3-positive GPA and 14 healthy controls were isolated 
and characterized using fluorescence-activated cell sorting, capillary tube formation 
measurement, scratching assays and migration assays with and without plasma stim-
ulation. Furthermore, three patients with active disease underwent post-treatment 
recollection of ECFCs for longitudinal evaluation. The ECFCs from the patients and 
controls showed similar capillary structure formation. However, the ECFCs from the 
patients with inactive GPA exhibited early losses of angiogenic capacity. Impairments 
in the migration capacities of the ECFCs were also observed in patients with GPA 
and controls (12th h, p = 0.05). Incubation of ECFCs from patients with GPA in re-
mission with plasma from healthy controls significantly decreased migration capac-
ity (p = 0.0001). Longitudinal analysis revealed that treatment significantly lowered 
ECFC migration rates. This study revealed that ECFCs from the patients with PR3-
positive GPA in remission demonstrated early losses of tube formation and reduced 
migration capacity compared to those of the healthy controls, suggesting impairment 
of endothelial function.
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1  |  INTRODUC TION

Granulomatosis with polyangiitis (GPA) is a recurrent severe anti-
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) 
characterized by the presence of pauci-immune necrotizing vascu-
litis and autoantibodies.1 The pathogenesis of ANCA-associated 
vasculitis is multifactorial, involving numerous immune cells. ANCAs 
may play central roles in the pathogenesis of anti-proteinase 3 (PR3)-
positive GPA, and neutrophil activation is required for loss of en-
dothelial integrity.2–5 Despite treatment, disease recurrence is very 
common, with increased cardiovascular risk and high morbidity and 
mortality rates.6,7

Endothelial progenitor cells (EPCs), identified by Asahara et al. 
in 1997, have a proven role in endothelial repair under physiological 
and pathological conditions, with significant involvement in postna-
tal vasculogenesis.8,9 Currently, there is a considerable controversy 
regarding the definition of EPCs because this term includes popu-
lations of myeloid angiogenic cells (MACs) that are not members of 
the endothelial lineage. Different approaches have been described 
for the differentiation of EPCs based on flow cytometry of periph-
eral blood samples and peripheral blood monocyte isolation and 
culture.10,11 The number of EPCs, as measured by flow cytometry, 
has been described as potential evidence of endothelial damage in 
ischemic diseases, and their proliferative and regenerative func-
tions have been demonstrated in animal studies and human clinical 
trials.12

Endothelial colony-forming cells (ECFCs) represent a cellu-
lar population of the endothelial lineage, with stable culture-wild 
phenotypes in vitro, high proliferative capacity and vasoreparative 
properties.9,13,14 Impaired vascular repair due to alterations in the 
angiogenic function of ECFC has also been observed in patients with 
vascular diseases.15 Their capacity for self-renewal and angiogenesis 
makes ECFCs a subject of great interest in cell-based regenerative 
therapy studies.16

Although endothelial damage can significantly impact AAV, few 
studies have explored the effects of an impaired vascular repair sys-
tem. Previous studies suggest that endothelial repair dysfunction in 
patients with AAV are caused by changes in circulating EPCs.17–19 
Previous studies examining the cultures of endothelial cells from pa-
tients with AAV showed that they have lower proliferative capacities 
than those from healthy patients.19–21 However, it should be noted 
that only one of these studies, specifically that of Wilde et al.21 per-
formed experiments involving ECFCs.

To date, no studies have explored the angiogenic capacity of 
ECFCs in patients with AAV. Identifying the characteristics and 
functions of such cells is essential to better understand the role of 
the endothelium in the etiopathogenesis of AAV and to develop po-
tential therapeutic targets. In this study, ECFCs isolated from pe-
ripheral blood and cultured in vitro were used as study models. This 
study aimed to evaluate migration and angiogenesis of ECFCs in pa-
tients with GPA.

2  |  METHODS

2.1  |  Patients and controls

Patients diagnosed with GPA were enrolled in the study. All patients 
were recruited from the Rheumatology Unit of the State University 
of Campinas, Brazil. The controls included healthy volunteers and 
human umbilical vein primary endothelial cells (HUVECs). This study 
was conducted in accordance with the Declaration of Helsinki and 
approved by the local ethics committee of the Faculty of Medical 
Sciences of the State University of Campinas – UNICAMP (CAAE 
number:38488914.4.0000.5404). All participants provided written 
informed consent before the study.

The inclusion criteria were as follows: age >18 years at the onset 
of symptoms, newly diagnosed but not yet treated active patients 
or GPA patients in remission who were undergoing follow-up with-
out immunosuppression for at least 24 months, intake of prednisone 
≤10  mg/day, normal hematimetric indices and no infections for at 
least 6 months.

Granulomatosis with polyangiitis was diagnosed according to the 
ACR criteria (1990) and the International Consensus Conference on 
the nomenclature of systemic vasculitis (Chappel Hill 2013). Disease 
activity was measured according to the Birmingham Vasculitis 
Activity Score (BVAS).22,23 Active disease was defined as the re-
cent onset of clinical manifestations of AAV-related disease re-
quiring immunosuppressive therapy. Remission was defined as the 
absence of clinical disease activity and zero BVAS score for at least 
24 months.20,24

2.2  |  Isolation of ECFCs

After peripheral blood collection, isolation and expansion, ECFCs 
were prepared on in vitro plates for angiogenesis and migration as-
says. ECFCs were cultured according to the protocol described by Lin 
et al., with some modifications.25,26 Briefly, 45 ml of peripheral blood 
from each participant was drawn into tubes containing sodium hepa-
rin anticoagulant (BD Vacutainer). To isolate buffy coat mononuclear 
cells, the samples were subjected to density gradient centrifugation 
for 30 min with Ficoll-Paque reagent TM Plus 1077 (GE Healthcare) 
after dilution (1:1) in phosphate-buffered saline (PBS). The cell pellets 
were washed with PBS and resuspended in endothelial basal medium 
(EBM-2) (Lonza, Walkersville). Approximately 1 × 107 cells were cul-
tured in 12-well plates previously treated with rat tail collagen type I 
(50 μg/L) (Sigma-Aldrich) in 1.5 ml EBM-2 supplemented with endothe-
lial growth media (EGM)-2 SingleQuots kit (Lonza), which contained 
10% foetal bovine serum (FBS). The plates were incubated at 37°C 
under 5% CO2, and the culture media were refreshed daily for 7 days 
and every other day thereafter. Upon reaching confluence, adherent 
cells were removed via trypsinization (Gibco Invitrogen) until the third 
passage after approximately 40 days of culture. After the third passage, 
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the ECFCs were characterized using fluorescence-activated cell sort-
ing (FACS) and sent for cryopreservation.

2.3  |  FACS analysis

The characterization of ECFCs was performed using specific anti-
bodies conjugated to fluorochromes (fluorescein isothiocyanate 
[FITC], phycoerythrin [PE] and peridin chlorophyll protein [PerCP]), 
which detect the following specific endothelial surface markers: 
anti-CD31-FITC, clone MBC 78.2 (Invitrogen); anti-CD144-PE, clone 
TEA 1/31 (Beckman Coulter); anti-CD146PE, clone 128,018 (R&D 
Systems); anti-VEGF R2/KDR-PE, clone 89,106 (R&D Systems); 
anti-CD34-FITC, My10 clone (BD); anti-CD45-PerCP, clone 2D1 
(BD); anti-CD133-APC, clone AC133 (Miltenyi Biotech). The tubes 
were incubated for 30 min at 4°C, protected from light, washed with 
PBS, centrifuged at 450 g for 5 min (RT) and resuspended in 300 μl 
of PBS for the acquisition of 10,000 events on a flow cytometer 
(FACS Calibur, Immunofluorometry Systems). Data analysis was per-
formed using the BD FACS DIVA software (v.7.0; San Jose, CA, USA). 
The cells were considered ECFCs if they tested positive for CD31, 
CD144, CD146 and KDR markers, negative for CD45 and CD133, 
and exhibited decreased CD34 expression.

2.4  |  Matrigel assay

To assess endothelial tube formation in vitro, ECFCs and HUVECs 
were cultured in a 24-well plate (10 × 104 cells/well) in a basement-
membrane-like substrate (Matrigel™, BD Biosciences) for 24 h.27 The 
cells were photographed after 15 and 24 h of incubation using an 
inverted microscope (Olympus IX81, Olympus) coupled with a digital 
camera (Olympus DP72, Olympus) at 4× magnification in the phase-
contrast mode. Characterization of capillary-like structures, such as 
extremities, junctions, nodes, meshes and segments, was performed 
using ImageJ software (National Institutes of Health, Bethesda). All 
experiments were performed in triplicate for each patient, control 
and HUVEC sample.

2.5  |  Migration assay

To assess cell migration, ECFCs were grown in 24-well plates coated 
with complete EBM-2 medium supplemented with collagen until 
confluent monolayers were formed. Scratch assays were performed 
by introducing a thin ‘wound’ by scratching the bottom of the well 
with a sterile 200 μl pipette tip.28 The plates with fresh media were 
photographed at 0 min and every 60 min thereafter for 24 h using 
an inverted fluorescence microscope (Zeiss LSM780-NLO, Carl-
Zeiss) at 10× magnification, collecting three images per well at 
each time point. The obtained images were analysed using ImageJ 
software. The distance between cells in multiple scratched areas in 
each culture well was measured as the rate of wound closure. All 

experiments were performed in triplicate for each patient, control 
and HUVEC sample. ECFCs from three patients with active disease 
were re-collected after 6 months of treatment with cyclophospha-
mide for longitudinal evaluation.

2.6  |  Plasma influence on migration in vitro

To assess the influence of plasma on cell migration, we reproduced 
an environment conducive to cell migration by incubating ECFCs 
with plasma overnight. For this procedure, EBM-2 medium without 
FBS was supplemented with 10% plasma from a patient with active 
GPA or a healthy control. Migration assays were performed under 
these conditions.

2.7  |  Statistical analysis

Statistical analyses were performed using SAS (Statistical Analysis 
System) for Windows (v.9.4. SAS Institute Inc., 2002–2012). Variables 
are expressed as means with standard deviations (SDs). anova was 
used for repeated measurements over time in the Matrigel assay and 
to compare three or more groups in the plasma migration assays. 
The Kruskal–Wallis test was performed to compare the groups in 
the migration assay, with Dunn's test used for multiple comparisons. 
Statistical significance was set at p ≤ 0.05. Graphics were created 
using GraphPad Prism, v.6.00 for Windows (GraphPad Software 
Inc.).

3  |  RESULTS

3.1  |  Isolation and culture of human ECFCs

Peripheral blood samples were collected from 13 patients with GPA 
and 14 healthy controls. All patients with GPA tested positive for 
anti-PR3 antibodies at the time of diagnosis. Cell cultures were suc-
cessful in eight (62%) patients with GPA (five with disease activity 
and three in remission) and eight (57%) controls, with median ages of 
29 and 39 years, respectively.

On an average, the first ECFC colonies from patients with GPA 
and controls appeared on the 15th day. There were no significant 
differences in the number of colonies among the control, active dis-
ease and remission groups at the end of the third passage. However, 
one patient with active GPA presented a colony count that was four 
times higher than that of the others. Patient data and ECFC culture 
results are summarized in Table 1 and Figure 1.

For longitudinal evaluation, samples were collected for the isola-
tion and culture of ECFCs at diagnosis and after inducing remission 
with cyclophosphamide in three patients. Pre-treatment isolation 
was successful in all three cases, and in only one case after immuno-
suppression. Successful immunosuppression resulted in the highest 
number of pre-treatment colonies.
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3.2  |  Characterization of GPA and control ECFCs

The ECFCs of patients with GPA exhibited a typical endothelial 
cobblestone morphology. FACS analysis confirmed that the ECFCs 
were endothelial cells expressing the following specific markers: 
CD31 (PECAM), KDR (VEGFR), CD144 (VE-Kadhrin) and CD146. As 
expected, ECFCs were negative for CD133 and CD45 (monocyte 
markers) and showed decreased expression of CD34. Control ECFCs 
demonstrated similar results (Figure 2).

3.3  |  Efficiency of ECFCs in forming capillary-
like structures

Matrigel assays revealed similar numbers of structures (extremities, 
junctions, nodes, meshes and segments) formed by ECFCs from pa-
tients with GPA compared with the control group (p = 0.18, p = 0.57, 
p = 0.49, p = 0.76 and p = 0.82, respectively). When classified accord-
ing to the presence or absence of disease activity, it was observed 
that only patients in remission exhibited progressive decreases in 
the numbers of most structures after 15 h (Figure 3).

3.4  |  Migration assay

Migration assays were performed using the scratching method, in 
which the values from each group were collected and compared 
every 4  h for a total of 24 h until the gap area was closed. There 
were no significant differences in the migration capacities between 

the ECFCs of patients with GPA and controls (12th h, p = 0.05). This 
was also observed even when patients were divided according to the 
presence or absence of disease activity (12th h, p = 0.08) (Figure 4).

Additionally, no differences were found between the averages of 
the lowest confluence percentages that each group (GPA, controls 
and HUVECs) reached by 24 h and the mean time that each group 
took to close the gap area (p = 0.20, p = 0.91).

3.5  |  Longitudinal analysis

Blood samples from three patients with GPA were collected to ana-
lyse the behaviour of ECFCs before and after treatment. All three 
patients exhibited glomerulonephritis and tested positive for PR3-
ANCA. Successful ECFC isolation was observed in only one patient 
after remission induction with intravenous cyclophosphamide. 
ECFCs isolated after cyclophosphamide treatment showed signifi-
cantly lower displacement rates than those isolated before treat-
ment (p = 0.0056) (Figure 5).

3.6  |  Influence of plasma on migration in vitro

To analyse the influence of plasma on the migration capacities of 
ECFCs, we performed scratch assays on ECFCs incubated overnight 
with plasma from healthy controls and patients with active disease. 
By comparing the lowest percentages of gap areas reached in 24 h 
between the groups (active GPA and GPA in remission, control and 
HUVECs) in both plasma conditions, the least displacement capacity 

TA B L E  1  Patient data and ECFC culture characteristics

Controls GPA

All ECFC isolation All ECFC isolation

Patients, n (%) 14 (100) 8 (57) 13 (100) 8 (62)

Median age, years (min-max) 30 (22–53) 29 (22–53) 43 (21–72) 39 (21–72)

Female/Male, n (%) 8(57) /6(43) 4(50) /4(50) 8(62)/ 5(38) 4(50)/ 4(50)

Leukocytes 106/ml, mean (min-max) 14.5 (6–27.9) 13.5 (7.6–27.9) 8.2 (3.1–23.2) 10.2 (4.6–23.2)

ECFC emergency, mean day (min-max) - 15 (11–22) - 15 (9–22)

Colony, mean (min-max) - 1.6 (1–3) - 4.8 (1–12)

F I G U R E  1  Dotplot showing successful 
ECFC colony number isolation of GPA 
active and remission patients and controls.
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was observed in the samples of GPA patients in remission when in-
cubated with plasma from healthy controls (p = 0.0020).

The migration assay values of each group (active GPA, remission 
GPA, control and HUVECs) were also compared every 4 h until the 
gap area closed. When incubated with plasma from patients with 
active disease, decreased migration capacity, which was not sta-
tistically significant, was observed in the ECFCs of patients with 
GPA compared with those of the controls (12th h, p  =  0.16; 16th 
h, p = 0.36). In addition, a higher migration capacity, which was not 
statistically significant, was observed in the ECFC subgroup of pa-
tients with active disease (remission, p  =  0.31; control, p  =  0.74). 
Considering the influence of the control plasma, the ECFCs of pa-
tients with GPA in remission showed significantly lower migration 
capacities after the 4th h (p = 0.0001) (Figure 6).

4  |  DISCUSSION

This study is the first to evaluate the angiogenic capacity of ECFCs 
from AAV patients. We aimed to evaluate endothelial cells of 

patients with PR3-positive GPA using in vitro ECFC angiogenesis 
assays. Considering the recurrent nature of the disease, investiga-
tion of these mechanisms may lead to a better understanding of the 
perpetuation of endothelial injury and involvement of inadequate 
repair. This study showed a decrease in the ability to form capillary-
like structures and an alteration to the in vitro migration capacity of 
ECFCs from patients with GPA in remission compared with controls.

In patients with ANCA-positive AAV, interactions between 
neutrophils and endothelial cells causes endothelial damage and 
imbalance.3 Angiogenesis, the formation of new blood vessels 
from pre-existing ones, is a marker of vascular repair that depends 
on the migration and proliferation of endothelial cells. These 
mechanisms are highly influenced by plasma factors, adhesion 
molecules and hypoxia.29-32 However, little is known regarding 
the repair mechanisms of the endothelial microcirculation in AAV. 
Previous studies have also reported that the number of circulating 
EPCs in AAV patients varies according to disease activity, allowing 
for the prediction of occurrence of relapses.7,33,34 Other studies 
have found a deterioration in the proliferative ability and growth 
of EPCs in culture. However, these studies performed assays on 

F I G U R E  2  (A) Characteristic cobblestone morphology of confluent ECFCs on a collagen plate from a patient with GPA. (B) FACS analysis: 
the histograms demonstrate that the ECFCs were positive for the following endothelial cell markers: CD31 (PECAM), KDR (VEGFR), CD144 
and CD146; and negative for the following monocyte markers: CD133 and CD45; and showed decreased CD34 levels. Histograms are 
based on culture of the ECFCs from a patient with GPA. (C) Histograms based on culture of the ECFCs from a healthy control. This Figure is 
representative of patients with GPA and controls.
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F I G U R E  3  Matrigel assay: (A) ECFCs 
from patients with active GPA and 
patients in remission formed capillary-like 
structures (J = junctions, S = segments, 
M = meshes, E = extremities and 
N = nodes) comparable with those 
observed in ECFCs from healthy controls. 
ECFCs from patients with GPA, controls 
and HUVECs were able to form capillary-
like structures; (B) Angiogenesis analysis 
showed a greater angiogenic capacity 
in ECFCs from patients with GPA, but 
this was not statistically significant. A 
progressive increase in such structures 
formed after 24 h was observed in 
patients with active GPA, controls and 
HUVECs, but not in patients in remission. 
The data are representative of patients 
with GPA and controls.

F I G U R E  4  Measurement of cell migration by in vitro scratch assay: (A) ECFC migration photographed hourly for 24 h after scratching. 
The rate of migration was measured by quantifying the total area that the ECFC moved from the edge towards the centre of the scratched 
(yellow dotted line). The photographs and data are representative of patients with GPA and controls. (B) There were no significant 
differences in migration capacities after overnight incubation with EBM-2 (37°C), between ECFCs of patients with GPA and controls. There 
was a similar confluence behaviour considering individual samples and means of the groups.
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colony-forming units-endothelial cells (CFU-ECs), which have no 
capacity for neovasculogenesis.15,19,21 Additionally, in a study by 
Patschan et al.19 greater PR3 expression was found to be associ-
ated with diminished proliferation.

In this study, we used ECFCs because they are progenitor cells 
with robust clonogenic potential that are suitable for ex vivo analy-
sis of endothelial function. Thus, it is imperative to identify possible 
changes in the behaviour of these cells to enable potential future 
interventions. Successful isolation and cultivation of ECFCs were 
achieved, with yields ranging from 50% to 80%, which is consistent 
with previous studies depending on the protocols used.14,35 In this 
study, cultures were successful in eight (62%) patients with GPA and 
eight (57%) controls.

Wilde et al.21 were the first to observe decreased differentia-
tion and proliferation capacity in ECFC cultures from patients with 
AAV. This study also observed reduced ECFC growth capacity in 
patients with relapsing disease. However, ECFC differentiation and 
proliferation capacity were not impaired in patients with GPA, which 
contrasts with the findings of Wilde et al.35 in that patients with ac-
tive disease had higher numbers of colonies, raising the average of 
the GPA group. While the mean age of the patients with GPA was 
higher than that of the controls, previous studies have stated that 
age has no influence on culture yields. In the present study, only 
patients with PR3-positive-ANCA were evaluated. Furthermore, pa-
tients with active disease were newly diagnosed and not previously 
treated, whereas those in remission were not immunosuppressed for 
>24 months. These differences in study populations may explain the 
discrepancies identified with those of the previous studies.

Although the difference was not statistically significant, we no-
ticed a mild increase in the number of in vitro tubes formed in the 
Matrigel assay of ECFCs from patients with GPA compared with 
controls. Interestingly, the number of capillary structures formed 

by ECFCs from patients with inactive GPA decreased between 15 
and 24 h, showing an early loss of angiogenic capacity and derange-
ments involving vascular structures. Although impaired angiogenic 
function has already been reported by Holmén et al.20 in CFU-ECs 
from patients with GPA, this is the first study to observe it in ECFCs.

In the scratch assay, the ECFC migration capacities in patients 
with GPA were similar to those in control patients and HUVECs. The 
influence of cytokines and growth factors on ECFC function was 
replicated by performing migration experiments using plasma from 
healthy controls and patients with active GPA. Incubation with both 
types of plasma reduced the migration capacity of ECFCs from pa-
tients with GPA in remission compared with ECFCs from controls. 
Interestingly, significant differences were observed only in those in-
cubated with healthy control plasma. Although the exact influence 
of plasma on the cells of patients in remission is unknown, these 
findings support previous findings of microvascular endothelial dys-
function that may contribute to poor vascular repair.12 Furthermore, 
persistent vascular damage may favour continuous immune activa-
tion and recurrence.7,37

Longitudinal assessment of one patient before and after 
6 months of treatment with corticosteroids and cyclophosphamide 
revealed a lower ECFC migration rate and reduced migration capac-
ity. Thus, interference by immunosuppression may have influenced 
growth despite the successful isolation of several colonies in this 
case. This is consistent with previously described results from the 
cells of patients in remission.

The main limitations of this study included the difficulty in re-
cruiting a large number of patients due to the monocentric design of 
the study, the rarity and severity of the disease that often requires 
prompt immunosuppression, and the difficulty in successfully grow-
ing ECFCs. While in vitro assays are known to be an accessible and 
reliable model for investigating the role of ECFCs in angiogenesis, 

F I G U R E  5  Longitudinal analysis: 
migration assay of ECFCs from a GPA 
patient before and after treatment, 
showing reduced proliferative capacity 
after remission.
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selecting the ideal methodology remains challenging owing to possi-
ble limitations in terms of interpretation of these findings.

This study took an initial step towards an improved under-
standing of the course of ECFCs undergoing angiogenesis. We 
revealed the possibility of intrinsic endothelial cell changes in pa-
tients with GPA, compromising their angiogenic capacity. By eval-
uating capillary formation and performing scratch assays, ECFCs in 
patients with GPA in remission exhibited decreased angiogenesis 
compared with controls. Thus, we hypothesized that impairment 
of vascular repair function in patients with anti-PR3-positive GPA 
may be associated with its recurrent nature. Future studies are 
needed to identify factors that may improve vascular homeostasis 
in patients with GPA.

5  |  CONCLUSION

In summary, ECFCs from patients with PR3-positive GPA in re-
mission demonstrated impairment of angiogenic function, as ob-
served from decreased tube capillary formation and migration 
capacity compared with those of the healthy controls, suggesting 
altered endothelial function. These findings highlight the need for 
further studies concerning endothelial function in patients with 
GPA, which may lead to the development of new therapeutic 
approaches.
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